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The polarization in n-p scattering has been measured at 21.6 
MeV using polarized neutrons from the T(d,n) 4He reaction. The 
measuring in~trumeht was an anthracene scintillation polarimeter. 
A critical assessment of this polarimeter was made, and extensive 
refinements to the polarimeter were introduced so as to minimise 
perceived sources of systematic error. These included improvements 
both in instrumental desi9n and data reduction techniques. 
The present n-p polarization results are compared with 
p D earlier measurements made at similar energies. The 6 LS and 6 LS 
phase parameters derived from the data are: 0.880° ± 0.023° and 
0.12° :!: 0.01° respectively. The data are compared with the phase 
shift analyses of Arndt et al and of Bohannon et al . A comparison 
is also made with the n-p polarization predictions at 21.6 MeV 
given by the Paris potential. which are found to be in good 
agreement with the data. 
Th~ use of the polarimeter as an analyzer was investigated by 
measuring the polarization of neutrons from the T(d,n) 4 He reaction 
at. reaction angle 25° and Ed=S.6 MeV. The value obtained. P=0.110 
:!: 0.015. indicates a depolarization resonance, confirming the 
suggestion of Mutchler et al. that the 5 He resonance at 20 MeV may 
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1.1 N-N force 
The two-nucleon system is the oldest and most thoroughly 
investigated strongly interacting system. The study of this system 
is directed largely at understanding the N-N force in the sense 
_that this is treated as a basic force; 
nucleus. 
it is basic to the 
The aim of these studies is the understanding of the laws 
governing the forces between nucleons as completely as possible, 
and to achieve this it is necessary to measure the N-N rnteraction 
in detail for comparisoM with theory. The interaction serves as 
a basis for a fundamental understanding of nuclear structure and 
hence is the key to a vast area of physics. The N-N system can 
also be used as a proving ground for general theories of 
elementary p9rticles (e.g. tests of group theoretical schemes; 
tests of general conservation laws). 
The conventional way of studying the nuclear force is via 
scattering amplitudes, ·phase shifts, and phenomenological forces. 
These should, in principle, be derivable from the more recent 
theories, such as the quark-gluon-bag picture, through quantum 
chromodynamics 
A review of the conventional attempts at understanding the 
nucleon-nucleon interaction is given in the fol lowing sections. 
This is fol lowed by a very brief summary of quantum chromodynamics 
and its use in aiding the study of the nuclear force. Thereafter 












the nuclear force are described with particular reference to the 
rol~ of phase shift parameters, and the importance of spin 
dependent experiments such as pqlarization measurements. 
1.2 Nucleon-nucleon potentials 
In general the potential V between the two nucleons, denoted 
and 2, has the functional dependence V(r,o 1,o2 ,L), where r is 
the interparticle distance, o
1 
and o 2 are the Pauli spin 
operators, and L is the orbital angular momentum operator. The 
dependence of V, on o 1 , o 2 and L exhibits the maximum complexity 
al lowed within the restriction implied by rotational, reflection 
and time-reversal invariance. The interaction differs in each 
spin-parity state, and exhibits significant non-locality·or· 
velocity dependence as well as a tensor component and spin-orbit 
coupling. Certain features of the NN interaction are qualitatively 
understood, notably the existence of 
i) long-range attraction; 
ii) short-range repulsion; 
iii) a tensor force of moderate range; and 
iv) a spin-orbit force of shorter range. 
A quantitative understanding of the N-N interacti6n is more 
complex. As a result of this complexity, one approach to the N-N 
interaction has been to take advantage of the progress in 
experimental work, and to abandon the difficult task of searching 
for a satisfactory theoretical model. Instead, more or less 
arbitrary empirical parametrisations of phase shifts (Livermore 
group(MA69), Yale group(SE68), Arndt et al. (AR83) ) or potentials 
(Yale(YA62), Hamada and Johnston(HA62), Reid(RE68), Sprung and de 












Recent potential models such as the Paris potential (LA75)' are 
more theoretically based with far fewer adjustable parameters. 
Once the free parameters are-determined by such fits, these 
potentials are, in turn, used in nuclear structure calculations, 
sometimes with success. 
Efforts to compute the potential from a combination of field 
theory and dispersion theoretic techniques are based on the 
fol lowing assumption (N077) - that the problem is to calculate 
that function which, when used in some non-relativistic 
Schroedinger-1 ike equation, will reproduce the two-nucleon on-
shel 1 scattering observables. Although there is no theoretical 
guarantee that the potential so defined is appropriate to use for 
systems with more than two nucleons, this method of attack is 
showing promise. A brief summary of this approach follows. 
From a purely theoretical point of view, the most 
significant advance was the meson theory of nuclear forces 
proposed by Yukawa (YA35) in 1935. The main result of this 
theory, namely the o e-pion-exchange (OPE) contribution to the NN 
interaction, survives intact today. However, when one performs a 
detailed analysis of the wealth of nucleon-nucleon data, it is 
soon apparent that the-OPE contribution gives a good description 
of the interaction only at very large distances (r > 2 fm} and it 
has to be supplemented by further contributions. Three approaches 
have been developed, namely: 
i) The field theory viewpoint 
Specific fundamental Lagrangian models are adopted, and 
the OPE contribution can be regarded, in a perturbation theory, as 












this scheme, it is natural to consider also the next-order 
processes, in particular the 4th order terms i.e. the exchange of' 
uncorrelated pions (see figs. 1.1 and 1.2). A weakness of' this 
·approach is that the validity of' using perturbation theory in 
strong interaction processes is questionable. Also, the meson-
meson interaction exists independently of perturbation theory and 












Fig. 1.1 The one-pion-exchange 
contribution to the nucleon-
nucleon interaction. 
ii) One boson exchange models 
+ 
' " ' " ' " ' " '" "' " ' " ' " ' " ' 
Fig. 1.2 The "4th-order 
contribution" to the nucleon-
nucleon interaction. 
With the discovery of the p and w resonances, the OPE was 
generalized to models (QBE) which consider the exchange of' non-
strange mesonlc resonances as being responsible f'or the medium and 
short range f'orces. These models are very appealing because of' 
their simplicity, but they also surfer from imperfections. To f'it 
the data in these models one always needs the exchange of' a 












provide some intermediate range attractive forces that are not 
accounted for by the exchange of observed resonances. The 
existence of such a p~rticle is not supported by any experimental 
evidence. These mode1s also suffer from the defect of treating 
the massive composite systems which decay very rapidly, as stable 
particles (zero width approximation). 
iii) The hybrid approach 
In more recent years (1973 onwards) a meson theory of. 
nuclear forces has been developed that combines the best features 
of the field theoretical and the OBE calculations. This approach 
of Lacombe et al (LA75) has produced a semiphenomenological model 
referred to as the Paris potential. This potential is now perhaps 
the most extensively used nucleon-nucleon potential available 
today. 
1.3 The Paris N-N potehtial (This summary is based on an article 
by R. Vinh Mau (Vl77) and subsequent relevant publications) 
The approach is based on two prerequisite demands: 
i) Only nucleons and pions can be treated as particles and the 
rapidly decaying nucleonic and mesonic resonances.must be regarded 
as composite systems.. This requires that nucleon-nucleori forces 
should be studied in conjunction with the known properties of 
mesons, their interactions with themselves and with nucleons; and 
ii} Perturbation theo~y must be avoided. 
A nucleon-nucleon interac~ion has been derived from nN and nn 
interactions, which includes the OPE, correlated and uncorrelated 













interaction, in configuration space, is written as a series of 
terms: 
2 -µr f. oo g e . 
V-:! + . 









4 2 µ 
+etc .•. 
where µ = the pion mass; 
g =pion nucleon coupling constant; and 
wand t are related to the nucleon four-momenta. 
The successive terms correspond to the OPE contribution, the 2nE 
contribution, etc. The whole dynamics of .the problem is 
contained in the spectral function Pzn' p3n' etc. 
The OPE contribution gives a good account Of the peripheral 
nucleon-nucleon phase shifts and, therefore, of the long range 
part of the i nteract<i on. The underlying belief is that most of 
the medium range forces are correctly given by the 2nE when the 
latter is properly determined. 
Ericson and Miller (ER83) have resolved the long-standing 
discrepancy of the charge-dependent NN scattering lengths ,i.e. 
the problem of understanding the difference between p-p (or n-n) 
and n-p singlet scattering at threshold, as a natural, though non-
trivial, consequence of OPE, 2nE and (yn) exchange. No anomalous 
interactions.need be invoked. Their result should therefore be 
viewed as non-trivial quantitative evidence for the importance of 
2nE at intermediate range. 
With a view to achieving an accurate calculation of the 2nE 
contribution, the required two-pion spectral function is related, 
via a set of equations, to the pion-nucleon and pion-pion 
interactions. The pion-nucleon scattering is very accurately 
known by various phase shift analyses, and the S and P wave pion-












former analysis as input, al 1 the nucleonic resonances are 
automatically included since they are contained in nN phase 
shifts. The w meson is a narrow 3n resonance, and its exchange 
is considered, to a good approximation, as a single particle 
exchange. The dominant forces provided by the w meson exchange 
contribution are repulsive. 
These theoretical descriptions give a good account of the 
long and medium range (LR+MR) N-N forces as demonstrated for 
example by the facts that: i) the low energy (up to 330 MeV) 
peripheral (J > 2) NN phase shifts calculated (Vl72) from the 
theory are in good agreement with the experimentally-determined 
phase shifts; and ii) an equivalent potential derived from this 
(n+2n+w) exchange interaction compares very well with successful 
phenomenological potentials such as Yale and Hamada-Johnston oown~ 
to internucleon distances r ~ 0.8 fm. (C073). More recently (LA80) 
another part of the 3n exchange represented by the term A1 has 
also been included, giving four adjustable parameters in all. To 
summarise then, the 1 ong and medium ran·ge parts of the 
interaction are taken from n,2n,w and A1 exchange. Coupling 
constants of the w and A1 are fitted, and the 2n exchange is 
calculated as explained above. 
The description of the short range (SR) part of the 
interaction is related to exchange of the three pion and higher 
mass systems, and/or to effects of subhadronic constituents such 
as quarks, gluons, etc. Since no satisfactory theoretical model 
for the SR forces has yet been found, the provisional viewpoint 
has been to adopt a phenomenologfcal descriptfon with the 












provf df ng strong constraf nts on thf s SR part. The complete 
potential f s then written as 
where E f s the c.m. energy and where 
f (r) = (pr) 0 I { 1 + (pr) 0 ) 
f s a function designed to cut off Vtheor rather sharply at r ~ 
0.8 fm. Both Vth and VPh contain central(C).spfn orbft(SO). eor en 
spfn-spin(SS), tensor(T) and quadratic spfn orbit(S02) components. 
It was found that the central component of the theoretical 
potential has a weak but significant energy dependence and that 
this energy dependence is. in a very good approximation. lfnear. 
Hence 
where Wtheor{r) is zero for the ss.T.SO and 502 components. 
The short range part is also assumed to be energy dependent. and 
for simplicity VPhen (r,E) is taken as constant with respect tor 
and therefore is only a function of the energy. The composite 
nature of the nucleon suggests that the short-range forces are not 
infinitely repulsive, and hence the condftfon is imposed that 
VPhen be finite at r = 0 (soft core). 
A first fit of the Livermore energy-independent phase-shift 
analysfs[MAW] (MA69) revealed that VPhen {E) is a linear function 
of E for the C component and almost constant for the other 
components. Therefore VPhen{E) is taken to be of the form C + 
C'E for the central component and constant for the other terms. so 
that the complete potential V(r,E) f s written as 













U(r) = Utheor(r)f(r) + C[l - f(r)] and 
W(r) = Wtheor(r)f(r) + C'[l - f(r)] , 
C' being zero for the 55,T,50 and 502 components. V(r,E) now 
contains six free parameters for each f sospin state, T = O or 
T = 1, namely CC' C55• CT' CSO' CS02 and C'c· 
The determination of these core parameters was found (LA80) 
via a two step procedure, first the best fit of the MAW phase 
shifts was searched for and then the results were tuned up by 
fitting the data themselves. The data used consisted of 913 p-p 
scattering data points between 3 and 330 MeV and 2239 n-p 
scattering data points between 13 and 350 MeV. The x2 per 
degrees of freedom are as good as, if not better than, the ones 
given by the best phenomenological potentials which contain many 
more free parameters. 
This model in which a definite separation between the 
theoretical and phenom nological parts is made, was designed for 
providing a clear physical insight into the problem. It has also 
been parameterized (LASO) in a simple analytical form for 
practical use In various many-body calculations. 
1.4 QCD and phenomenological models (based on I583 and BR83) 
Over the last decade, the proposal (GE64 and ZW64) that the 
proton, neutron, pion and all other strongly interacting particles 
- the hadrons - consist of quarks, has become firmly established. 
Quantum chromodynamics [QCDJ (FR73 and NA66) is a generalization 
of quantum electrodynamics - the theory of photons and electrons 












the quark; instead of the photon it has the gluon. The 
"generalization" that extends QED to QCD is that while electrons 
come in only one (electric) charge "state", quarks come in three 
("colour") charge states. Another crucial extension is that 
whereas the photon is uncharged, the gluon itself must carry· 
colour charge so that colour can be conserved in gluon emission or 
absorption transitions. QCD is stil I in its infancy, with rather 
few rigorous results having been derived from it so far. 
-16 -15 At distances between 10 and 10 metres, the interquark 
force begins to deviate from Coulombic(l/r) behaviour and betomes 
a linear potential, corresponding to a constant force. This 
transition leads to the confinement of quarks and explains why 
free quarks are not seen in nature. In the confinement region 
the coupling between quarks and gluons becomes very strong, and 
little is understood because perturbative methods fail. However, 
progress is being made along many lines of attack. These include 
a technique pioneered in the Soviet Union (ZA80), numerical work 
on field theories known as "lattice gauge theory'' (Wl74) and 
simplified quantum field theory models that can approximate QCD. 
Some models for confinement are not based on the concept of a 
potent ia I. Foremost among these is the "bag model" (J075) based 
on field theory in a cavity that confines quark and gluon fields. 
A recent ex-tension to the bag model • cal 1 ed the chiral bag 
model (8R79,Ml81,BR86) , proposes that the nucleon's central core 
of quarks is surrounded by a cloud of mesons. The pion cloud 
exerts a pressure on the internal confinement region, and together 
they constitute the total physical extent of the nucleon. 
This picture, when applied to interactions in nuclei, leads 












exchange forces. which are the source of the forces between 
nuc 1 eons.· i nvo Ive the exchange of vi rtua I bosons; namely a 1T • p 
or w meson (one boson exchange models). 
An important feature of the nucleon-nucleoh interaction is 
the strong repulsion resulting from w exchanges. In calculations 
of the bag-model type, thew-exchange potential wil 1 begin to cut 
off when the bags begin to merge. However, the coupling constant 
is so large that even a smal I remaining part of the w-exchange 
potential will play a more important role than perturbative gluon 
exchange in the interi~r of the bag. It is the great strength of 
the short-range nuclear interactions that makes them essential in 
nuclear physics as compared with interactions from gluon exchange. 
This repulsion between bags may be t~  reason why effects 
from quark substructure may be hard to see in low-energy nuclear 
physics. It seems. therefore, that the interaction of two 
nucleons is well ~escribed by the boson exchange model. 
regularized at ~hort distances to take account of the quark core. 
Along these lines a hybrid quark-baryon model for nuclear forces 
has recently been proposed (WA84), which simultaneously 
incorporates the quark- and gluon- exchange mechanism at short 
distance and the meson-exchang~ mechanism at long and intermediate 
distances. This model has been shown to explain the observed NN 
phase shifts fairly well, almost comparable with the 
phenomenological treatments of Reid (RE68) and Hamada-Johnston 
(HA62). Once the highly nonperturbative aspects of QCD are 
understood, knowledge of the structure of the nucleon wil I provide 












1.5 Experimental Work 
N-N phase-shift analyses are essential because they provide 
a way of summarizing experimental results in a more or less model 
independent form. As such they form a convenient meeting ground 
for experiments and theory. An outline of the partial wave 
description and the procedures used fo~ determining the phase 
shifts is presented in appendix 1.1. 
New experiments on the N-N interaction at low energies (E < 
100 MeV) continue to be of considerable interest. This is 
because the knowledge of the low-energy phase shirts depends on 
the correctness of the extrapolation methods used in energy-
dependent phase shift analyses in which certain theoretical 
assumptions are used to anticipate the behaviout at low energies 
from the analysis of data at higher energies. In general then, 
among~t other things, experiments on low-energy.nucleon-nucleon 
scattering provide a test of these theoretical assumptions. 
1.6 Polarization 
The number of ·phase shirts which are required to accurately 
describe NN scatteririg increases rapidly with energy, and a 
knowledge of only the differential and total scattering cross-
sections for unpolarized nucleons is insufficient to determine 
these phases. Fortunately a great deal of information can be 
-obtained by scattering polarized beams, that is beams in which the 
spins of the nucleons are not randomly oriented, but have some 
preferred direction. As a result high precision polarization 
measurements are desirable because they make an important 












For spin-1/2 particles there are two spin states which may be 
conveniently referred to as "up" and "down". If the number of 
particles in the beam with spins along and opposite to the 
preferred direction are Nt and N• , then the polarization of the 
beam is defined as P = (Nt - N')/(Nt + N,). 
At the time of the 1980 polarization conference (Santa Fe) 
only a few precision experiments on NN scattering at low energy 
were reported. and it was suggested that measurements of this 
kind, with polarized beams. should be continued. 
The analyzing power in n-p elastic scattering is determined by 
scattering a polarized neutron beam from a hydrogen target. Then 
the left-right asymmetry c. = (NL-NR)/(NL+.N,R) where NL and NR are 
the number of neutrons scattered to the left and right of the 
incident beam direction respectively. The asymmetry is related to 
the polarization by the formula €. = A {'0).P. y inc where Pinc is 
the-polarization of the incident neutron beam, and AY(S) is the 
analyzing power for the scattering angle e. lt can be shown that 
the analyzing power is equal to the neutron-proton polarization 
Experiments on n-p scattering are inherently less accurate 
than for p-p scattering although considerable progress has been 
made in recent years. The n-p scattering occurs in both T=O and 
T=l isospin states. If the charge independence hypothesis holds, 
the T=l amplitudes as measured in p-p and n-p scattering should be 
identical in all but electr_omagnetic effects. This assumption is 
needed for the analysis of n-p scattering data. The isospin-one 












n-p data in effect are used to find primarily the isospin-zero 
phase shifts which do not enter in the p-p system. The low 
energy data fixes the following phase parameters (see Appendix 
1 1) 35 l p 30 35 • : l' 1 • 1 , 2 , 3 and e 1 which couples the J = 1 states 1 
3 and. D 
1
• 
1.7 n-p polarization data at 10 < E < 30 MeV -n-
The more recent n-p polarization data in this energy range 
are summarised in table 1.1. A brief discussion of this work is 
now given. 
Tornow et al. (T080) have reported accurate analyzing power 
measurements for- n-p scattering between 13.5 and 16.9 MeV. They 
showed that their data, especially at 16.9 MeV, differ from 
results of the YALE-IV (5£68), Livermore-X (MA69) and Arndt et al. 
(AR77) phase-shift analyses. Subsequently the predictions of the 
Paris potential on the polarization and on the phase shifts at 
16.9 MeV were presented by Cote et al. (C080). The polarization 
measurements of Brock et al. (BR78) at 14.2 MeV were also included 
i~ the comparison. The agreement between the Paris prediction 
and the experimental data for P(9) is excellent at 14.2 MeV, and 
fairly good at 16.9 MeV (see fig.1.3). More recent, but less 
precise, measurements at 17 MeV from Karlsruhe (WI84) are in good 
agreement with the precise data of Tornow et a I . Cote et a I . 
suggest that these high-precision n-p data should be used to learn 
more about the T=O force, in particular the 1P 1, e 1 , and triplet D 
phases in a locally energy-dependent phase-shift analysis using 
exact formulae with high partial waves constrained by OPE. Brock 
et al. (8R81} suggest that the 14 MeV to 17 MeV n-p analyzing 












Table 1. 1 Summary of the more recent p data for lO<En<30 MeV. np 
Name & reference Typea) En (MeV) angular range 
(deg. c .m.) 
Tornow et a I. CT080) E 13.5 - J6. 0 90 
Tornow et a I • (T080) E 16.9 50 - 145 
Brock et a I. {BR80) E 14. 1 50 - 157 
Jones and Brooks {J074) E 16.4 & 21.6 50 - 170 
Morris et a I. (M074) E 16.9 & 21. I 40 140 
Wi 1 czynsk i et a 1 . (WI 84) E . 17.0 - 27.5 33 - 15 l 
Barker et a 1. (BA83) E 25 120 - 150 
Bohannon et a I. (8076) p 25.0 
Cote et a I. (C080) T 14.2 & 16.9 
a) E = experimental measurement; P = phase shift analysis; 












possible, to an accuracy of at least 0.002. This is needed to 
check the result of their analysis which suggests experimental 
evidence for an fsospin splitting of the triplet P-wave phase-
shifts but in the opposite sense to that used in the phase shirt 
analyses of Bohannon et al. (8076) and of Arndt et al. (AR77) • 
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Ffg. 1.3 n-p polarization measurements at 14.2 MeV and 16.9 MeV. 
The dashed line shows the 1977 Arndt phase shirt analysis (AR77). 
Figure rrom COBO. 
The n-p polarization measurements of Jones and Brooks at 21.6 
MeV (J074) and Morris et al. at 21.1 MeV (M074) were presented as 
motivation by Bohannon et al. (8076) for their re-evaluation of 
the entire n-p and p-p data set between 20 and 30 MeV. This was 
reported f n 1976. The phase parameter values were compared with 
those from the previous phase shift analysis by McGregor, Arndt 












notfceably changed the central values of the f sospin-zero phase 
shffts and reduced thef r uncertaintfes. More specffical ly: (a) 
1 3 3 
the P 1 , s 1 , El and o1 central values changed by more than 2 new 
standard deviations; (b) the phase parameter standard.deviatfon 
for the 
3s 1 dropped to 60% of its former value, while that for 
1P 1 
decreased to 70\ of fts former value; and (c) the evaluation 
fixed El at +1.03° ± 0.57°, whereas previously the value was 
negative in contradiction to expectations from the deuteron data 
(from the sign of the quadrupole moment) and from models. 
In particular the Bohannon analysis illustrates the 
usefulness of accurate polarization data in the determination of 
the 0-wave spin-orbit phase-shift combination, which gives 
information on the various 3o phases, 
ie. 
It has been pointed out (by Morris et al. and by Haeberli (HA77) ) 
that there is an unexplained normalization discrepancy between the 
published data of M074 and J074. Bohannon et al. have suggested 
that the discrepancy between the data sets could be fairly well 
resolved by, for example, measurements of n-p P(70°) and P(l20°) 
to an accuracy of ±0.001. 
Since the time of the Bohannon et al. phase shift analysis, 
Brock et al. (BR81) indicated that the J074 polarization values 
required adjustment to account for updated incident beam 
polarfzation values. This suggested that the M074 data should also 
be checked. On doing so, an inconsistency was noted. Although it 
was stated that P. =0.35 was used, on checking their Pnp values 
inc 
Pinc=0.50 appears to have been used instead. Both J074 and M074 
polarization values have therefore been adjusted as fol lows. In 












approprfate updated fncfdent beam polarizatfon values used to re-
calculate the analyzfng power values (detaf ls are gfven fn 
appendix 1.2). The Jones and Brooks values are now smaller than 
prevfously and the Morris et al. values have been fncreased by a 
large amount. The published values and the adjusted values are 
shown fn ffg. 1.4. It can be seen that there remaf ns a 
discrepancy between the two experiments. More recent data at 22 
MeV from Karlsruhe (Wl84) are in closer agreement with the 
corrected values of Jones and Brooks. 
These two sets of data (J074 and M074) made an important 
contribution to the Bohannon 25 MeV phase shift analysis, and 
unfortunately the adjustments to the data mean that some of the 
phase parameter values are probably in error, necessitating 
another re-evaluation of the data set. 
The Bohannon analysis also shows a Coulomb splitting 
3 a PLS between n-p and p-p scattering consistent with zero. If 
the splitting is as large as expected from various models (ft is 
estimated as being about 0.08° near 25 MeV) it should be possible 
to detect it if analyzing power measurements are found to an 
accuracy of at least 0.002. 
Another aspect of interest is whether or not the n-p 
polarization data at these energies favour zero-crossing 
solutions, which demand the inclusion of F-waves in the phase 
shift analyses and current phenomenological potentials. One n-p 
polarization measurement at 25 MeV CBA83) indicated that zero-
crossing seemed to occur at eCM : 150°. However a subsequent and 
very recent large-angle measurement at 25 MeV (5R86) completely 
rules out this possibility. This large-angle measurement is 
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Ffg. 1.4 Polarfzatfon data (refs J074 and H074) for En=21.6 HeV 
(a) orfgfnal values; and 












neutrons using a conventional polarimeter (see rig. 1.5), use was 
made of' a counter telescope f'or the recoil protons. 
target 
ce11 
Fig. 1.5 Schematic view of' the arrangement f'or a conventional 
neutron polarimeter. S fs an active scfntillatfon scatterer, DL 
and DR are neutron side detectors. S is bombarded·with a source of' 
polarized neutrons, and the scattered neutrons are detected in 
co i nc i dence with the re co i 1 protons • 
1 • 8 Motivation f"or add it i ona I mea·surements 
There is continuing interest in Pnp f'or T=O phase shif't 
parameters. However, the presently available data are inadequate 
in terms or accuracy and inconsistencies. There is also interest. 
in isospin splitting, and specif'ic 'features like F-waves. 
The level of' precision required to meet these objectives 
demands not only high statistical accuracy, but also a matching 
control over systematic errors. Conventional double scattering 
experiments (see f'ig. 1.5) detecting neutrons (in coincidence with 












statistics uniess a "large" ()l00g) act1ve ~cattering ta1-get is 
used. This in turn introduces the need for large multiple-
scattering corrections. The anthracene crystal polarimeter (BR74), 
on the other hand, gives high efficiency c-100"/.) in a small active 
target. 
n-1 is work used a redesigned anthracene .polarimeter with 
modifications aimed at eliminating instrumental errors as far as 
possible and calibrating scattering angle un~mbiguously. The 
analyzing power Pnp at 21.6 MeV was measured using polarized 
neutrons from the T(d,n) 4 He reaction with Pinc=0.25. This was the 
only convenient source of polarized neutrons locally available. 
Faci 1 ities for rapid reversal of the incident neutron beam 
polarization, now so common in Pnp measurements, were not locally 
available. However, the features of the modified anthracene, 














THE ANTHRACENE SCINTILLATION POLARIMETER 
2. 1 Brief Review 
Previous n-p and n-d analyzing power measurements (J074 and 
ST75) made at the National Accelerator Centre (NAC) were carried 
out using the sclntil lation polarimeter (8R74) developed at the 
University of Cape Town (UCT) (see Appendix 2.1). This 
polarimeter measures the left-right asymmetry, not of the 
scattered neutron, but of the associated recoil particle {p~oton 



















fi9· 2.1 LS proton recoil singles spectrum obtained with the 
incident neutron beam aligned along (al the b-axis and (bl the 
c•-axis. Note the high-L threshold which was set so as to minimise 












{ so that the bc'-plane is horizontal ) and the neutron beam 
direction is at an angl~ of 30° t6 the b-a~is , as shown in fig. 
2.2. An L-5 spectrum obtained at this crystal orientation' is shown 
in isometric projection in fig. 2.3. It can be seen that the 
proton events form two ridges over most of the length. These 
ridges correspond to protons recoiling into the forward quadrants 
on either side of a vertical plane through the neutron beam. By 
comparing the numbers of counts under each ridge, the left-right 
asymmetry of the proton recoils within the crystal can be 
determined. 
This technique has been described by Bugg (BUSI) as being "a 
truly remarkable development" which deserves wide application in 
the determination of the polarization of low energy neutrons. 
The scintillation polarimeter has the following advantageous 
features: 
i) There is a high counting erficiency because primary scatters 
ar~ detected including the non-planar (azimuth) events; 
ii) data are collected simultaneously for all scattering angles; 
iii) multiple neutron scattering is estimated to have a negligible 
erfect on the observed asymmetry because of the smal 1 
dimensions of the stinti llation c~ystal target; 
iv) the polarimeter may be used in an open geometry (since no 
v) 
shadow bars are required as is the case for the side 
detectors of a conventional two detector arrangement), 
thus eliminating the need for corrections to account For 
possible sources of in-scattering; and 
2 ~ ...... 3 
although a high intensity source (e.g. the H(d,n) He 
reaction) with high incident neutron polarization would be 












f._iQ· 24 The orientation oT the crystal in one oT the two posslble 
polarization orientations. showing the positions oT the axes in the 
horizontal bc•-plane. The a-axis Is vertical to the neutron beam 
(at right angles to the page)· 
. 'a . v(' 
------ c 
n ~ .. b 
f_!9· 2.a LS singles spectrWll obtained with the incident neutron 
beam aligned at 30° to the b-axls (see Tig. 2.2.l· The leTt-right 












as the T(d.~) 4He reaction, can be used to good effect. This 
is because a high count rate is still po~sible as a result of 
( i ) . 
2.2 Further Developments 
All polarization experiments have some means of effectively 
interchanging the number of scattered particles to the left and 
right of the incident beam. In the last decade or so this has 
usually been achieved by inverting the spin state of the incident 
b~am; either via spin-precession of the neutron beam itself, or, 
when a polarization transfer reaction is the neutron source, by 
inverting the spin state of the charged particle used to induce 
that reaction. When spin-reversal is not available, then, in the 
conventional double scattering polarimeter for example (see fig. 
1.5), the left-right detectors may be mechanically interchanged. 
This procedure is aimed at eliminating systematic false 
asymmetries arising from differences in the efficiencies of the 
detectors and also from small mls~lignments of the detection 
apparatus. 
In the previous use of the UCT anthracene scintillation 
polarimeter, the crystal was optically coupled to the face of the 
photomultiplier tube (in some cases via a lightpipe). Two 
positions, A and B, were defined (see appendices 2.1 and 4.3) at . . 
the asymmetry orientation {fig. 2.2). The detector assembly was 
rriounted on a goniometer which enabled the crystal to be rotated in 
the horizontal plane so that the A. and 8 crystal orientations 
could be interchanged by selecting the appropriate positions of 
the crystal axes with respect to the incident neutron beam. It is 












cause fluctuations in gain due to the effect of the dif'fering 
magnetic field of" the earth experienced by the detector. 
To minimise this probiem more e'f'fectively than the use of 
magnetic shielding alone, the photomultipliers of the present 
detecto'r were kept stationary and the A and B positions were 
obtained by mounting the Crystal out of contact but close to the 
photomultiplier cathode, so that it could be rotated through 180° 
about the beam axis (see fig. 2.4). This ensured that mechanical 
movement of the detection system was reduced to an absolute 
minimum, and effectively turned the laboratory (ie. the crystal) 
around the neutron beam instead of rotating the beam in the 
labbratory. A design feature was a line-of-sight aperture which 
was incorporated in the crystal holder mounting to aid in the 
accurate positioning of the detector. The crystal could be 
conveniently removed from the holder for this purpose and then be 
accurately replaced in a reproducible manner. 
In the polarization measurements LS spectra such as fig. 2.3 
were accumulated in the A and B crystal orientations. In order to 
render the measurements less sensitive to small electronic drifts 
or other instrumental instabilities, the crystal was rotated 
between the A and B orientations by ~echanieal drive at· regular 
short intervals (typically 1 minute). Thus each data acquisition 
period was equally divided between the A and B orientations, in 
such a way as to ensure that e'ffects of electronic dri'fts, if 
present, should be the same for the A and B spectra. 
To neutralise asymmetries possibly arising 'from di'fferences 
in the optical properties or 1 ight collection from opposite sides 
of the crystal, leading to dif'ferent measured pulse heights for 























Fig. 2.4 A sketch or the two-photomultiplier polarimeter. The 
crystal is shown in the "up" position, indicated by the arrow A. 
The crystal alternated equally between this position and the arrow 
"down" position during polarization runs. The aperture in the 
hollow sha"ft was used, with the crystal removed, to check the 













arrangement was developed as shown in Figure 2.4. The slow 
signals From the two photomultipliers were summed together af'ter 
first ensuring that the separate outputs were similar in 
amplitude. The procedure f'or achieving the latter (via high 
voltage adjustment) was not critical for producing matched A and B 
pulse heights (see Appendix.2.2). The fast signals were also 
summed at the input of' the pulse shape discrimination system (see 
f'ig. 3.4). 
The two photomultiplier set-up is very photon ef'f'icient even 
though the crystal is not optically. coupled to the cathode f'ace, 
since much of' the light falls directly onto one or other of' the 
phototube faces. Extensive pulse height resolution tests were 
carried out to optimise the light collection using this system. 



















. 10 20 30 40 50 60 70 80 90 100 110 120 130 
CHANNEL NUMBER 
Fig. 2.S(a} 60co spectrum obtained from a single photomultiplier 
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Fig. 2.S(b) 60co spectra obtained rrom the two-photomultiplier 
detection system viewing 
i) the Anthracene-2 crystal mounted in air; and 












measured by a single photomultiplier. The resblution is not 
particularly good, as may be expected for this geometry. Examples 
of the spectrum obtained using the summed outputs of the two-
photomultipl ier arrangement (fig. 2.4) are shown in figure 2.5(b). 
Th~ good resolution is demonstrated by the clear double Compton 
edge associated with the two y rays (1.17 & 1.33 MeV). This 
resolution is comparable with that obtained when the crystal is 
coupled directly to the cathode face of a single photomultiplier 
via a lightpipe. 
In the data reduction process the LS spectra are dl~ided into 
bins, each bin corresponding to a certain range of recoil angles. 
The modified polarimeter employs a new method for defining the 
angle bins. Thi s method is based on direct observat i ons;;;": •. ,;the 
scattered neutrons in coincidence with the recoil protons detected 
in the po~arimeter crystal. Figure 2.6 indicates the scattering 
of incident neutrons at laboratory angle e in the bc'-plane of the 
crystal. Events were selected by requiring a coincident neutron 
in a second detector at that angle in this plane. Detai 1 s as to 
how the angle bin spectra were derived using these coincidence 
runs is given in the chapter on data reduction. 
This new method for the angle calibration is superior to that 
used previously (BR74), which depended on knowledge of the 
response characteristics -total light versus energy- of the 
crystal for both the b and c' orientations. 
To summarise then, the important new features of the modified 
polarimeter are 
i) a rotating scintillation crystal; 












iif) a side detector for aiding the calibration of the proton 
recoil pulse height in terms of the scattered neutron angle. 
In addition, as explained in detail later, a new correction 
procedure to neutra 1 i se drifts, which is .app 1 i ed in the data-
reduction, has been developed. 
NEUTRON 
DETECTOR 
Ffg. 2.6 A schematic diagram showing the detection of scattered 














3.1 Neutron production 
Polarization measurements were made using neutrons produced 
by the T(d,n) 4 He reaction (see fig. 3.1). Tritium in a gas eel l 
(0.75 atmospheres) was bombarded with 5 MeV pulsed deuterons 
produced by the Van de Graaff accelerator at the National 
Accelerator Centre, Faure. The deuterons were delivered at 500 ns 
intervals with a mean current of about 1 uA. Neutrons emitted 
at either o0 or 20° to the deuteron beam were used in the 
experiments. Unpolarized 22 MeV neutrons emitted at o0 were used 
to collect null asymmetry data. These nul I data runs served as a 
monitor of systematic instrumental error of whatever origin. The 
use of the null data to correct for systematic false asymmetries 
where necessary is explained in more detail in a subsequent 
chapter. Polarized 21.6 MeV neutrons emitted at 20° to the 
incident beam were used for the asymmetry measurements. 
In each case the primary component in the neutron spectrum 
was selected by time-of-flight, the flight path in most runs being 
0.3 m. In some runs the quality of the neutron source was 
independently monitored using an additional I iquid (NE213) 
scintillator detector placed between 2 to 3 metres from the 
tritium target. A typical time-of-flight spectrum obtained from 
this monitor is shown in fig 3.2. 
Although a substantial tail portion of the prompt gamma ray 
peak was usually included in the neutron window at the 0.3 m 
flight path used for the asymmetry measurements, the associated 
Compton electrons were easily separated from the neutron 













·1 DEUTERON BEAM 
..... ..... ..... ....... 
Fig. ·3.l The experimental geometry. Distances indicated are 
typical for the various runs. The hevimet shield was required only 
in those runs during which the neutron side detector was 






























beam stop and 
breakup neutrons 
50 100 150 200 250 
CHANNEL NUMBER 
Fig. ~.2 Neutron T.O.F. spectrum as measured by a NE213 liqui~ 
scintillation detector placed at a few metres f'rom the T(d,n) He 
neutron source. The deuteron energy was 5 MeV and the reaction 
angle ~=0°. Pulse shape discrimination was not used. 
3.2 Experimental geometry 
During the asymmetry measurements, the polarimeter was 
mounted in completely open geometr-y so as to minimise the number 
of scattered neutrons incident on the anthracene crystal. The 
presence of a scattered component in the neutrons selected by the 
time window can vary t~e incident beam polarization signif'icantly 
from that assumed for the direct beam. The detector arrangement 
for the entire experiment is shown in fig. 3.1. The angle 
calibration measurements were·made separately, and the.side 
detector and sh f e 1 d were removed dur i ·ng the asymmetry 












lined with appropriate angle scales (fig. 3.3). The plate, which 
rested on a horizontal table, could be rotated about a pivot on 
the table positioned immediately below the tritium target. This 
enabled a convenient and reproducible way of selecting different 
neutron reaction angles without affecting the relative positions 
of detectors and shielding (in the case of the calibration runs). 
Any one of a number of positioning holes along the central axes of 
the plate could be placed over this pivot point, to select 
different neutron flight paths. The height of the table was 
carefully adjusted to ensure that the neutron beam passed 
horizontally through the crystal, care being taken to keep the 
table top level. The zero degree line on the plate was then 
accurately positioned to within ±0.1° to c6incide with the ze~o 
.degree beam direction by means of plumblines and a theodolite. 
The polarimeter was then positioned on the plate 6ver a central 
pivot (fig. 3.3). The scintillation crystal was removed and the 
line-of-sight aperture (fig. 2.4) used to make miQor adjustments 
to ensure that the polarimeter was accurately aligned. 
The crystal was mounted with its a-axis vertical and the b-
and c'-axes in the horizontal plane. With the polarimeter at the 
a =0° mark, the anthracene crystal was oriented so that the b-axis n 
was at 30° to the beam direction , the polarization angle (see 
fig. 2.2). The b- and c'-axes could then easily be aligned along 
the beam by rotating the polarimeter about its pivot point by the 
appropri'ate angle. These orientations provided data which aided 
in the angle bin calibrations. When the detector was in the 
polarization position, the crystal was rotated through 180° about 
the beam axis at regular short intervals (typically once a minute) 















DIAMETER= 140 cm 
Ffg. 3.3 The alumfnfum plate on whf ch the detectors were arranged 
(see also rfg. 3.1). The plate rested on a table. One or the 
apertures was selected and placed over a pfvot on the table 
alfgned below the trftium target. The anthracene polarfmeter was· 
mounted above the pivot on the plate and, ror angle calfbratfon 
runs, the sfde detector CNE213) was mounted on the detector 
cradle. The drawing shows the plate aligned For a null run ((=0°). 
For polarfzation runs ((=20°) it was rotated by 20° about the 












referred to as "up" and "down" according to the position of a mark 
on the rotating wheel mechanism. The "up" and "down" signatures 
were thus related to the A or B crystal positions as given by the 
orientation of the crystal at the time of its placement into the 
holder (see appendix 4.3). 
The side detector(s) used for the angle calibrations 
consisted of a liquid scintillator (NE213) mounted on an RCA8575 
photomultiplier tube. The detector was placed on a cradle which 
was able to rotate about the central pivot via a flat rod which 
acted as an angle selection marker. The cradle was able to slide 
along the calibrated rod enabl Ing easy positioning at the desired 
flight path. The detector could then be set at the required 
neutron scattering angle. The side detector was shielded against 
direct neutrons from the source target by blocks Of hevimet, each 
new scattering angle measurement necessitating a rearrangement of 
the shielding. 
Each time the experiment was set up it was necessary to carry 
out a series of calibration runs with the side detector(s) placed 
at a sufficient number of neutron scattering angles. So as to 
avoid possible in-scattering of neutrons from the side detector 
shadow shielding during the asymmetry measurements, the 
calibration runs were done separately. Although two side detectors 
placed at equal angles on either side of the vertex detector were 
sometime~ used, usually a single side detector was employed. In 
this case the polarimeter crystal was rotated between the up and 













The scintillation crystal was viewed by two RCA8850 
photomultiplier tubes (see fig. 3.4). Two pulse outputs, slow and 
fast, were taken from the photomultiplier circuitry. The slow 
(dynode) outputs were T'eed into a single pre-amplifier using 
cables of equal length. The pulse output was further amplified 
and this provided the total light output pulse, L. 
The rest of the pulse processing is explained with reference 
to the block circuit diagram (fig. 3.4). In the two-phototube 
experimental runs the pulse shape discrimination pulse S was 
produced via the LINK 5010 module (LINK) based on a Harwell design 
(AD78) . The primary function of the LINK in standard 
applications is to provide a logic output which is linked to a 
bias threshold whiGh can be set so as to distinguish between 
neutrons and gamma rays. There are also analogue signals 
available (X and Y) whose use is intended for display purposes. 
The fast outputs were taken frbm the anode of each 
photomultiplier and directed to a specially made impedance 
matching unit whose output (the sum of the two inputs) was sent to 
the signal input of the LINK. The Y display output ,which is 
unsuitable for driving an ADC , was inverted and the central 
portion of the resulting pulse was selected using a linear gate. 
The pulse was then amplified and further shaped to provide a 
usable S signal. Pulse height matching was achieved using the 
integrated output (not shown) from the LINK module so that in 
effect the S pulse was being matched. The pulses were obtained by 
bombarding the crystal with 22 MeV neutrons. The high voltage 
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matching of' the L pulse was then checked by comparing 60co spectra 
collected· in each of' the two crystal orientations. 
In some earlier runs (data sets Band C as given in chapter 5), 
the crystal was viewed by a single RCA8575 photomultiplier tube. 
The LINK module was not available at the time, and instead the S 
pulse was produced via the zero crossover method (AL61,R064,GL74} 
as shown in fig. 3.5. 
The left hand side of the circuit (fig. 3.4} is the standard 
pulsed beam time-of-f'light arrangement. A window was set over the 
primary neutron peak and the TAC SCA logic signal, which was only 
produced when an event 'fell within the window, acted as one of' 
three signals in coincidence which p~ovided the gating signal for 
the linear gate modules. 
In the angle-calibration runs, the fast signal for the 
scattered neutron time-of-flight measurement was taken "from the 
anode of the side detector and used as the start pulse of a second 
TAC. The central detection system provided the stop pulse, af'ter 
first being suitably delayed. The resulting TAC output pulse, 
representing the time-of-flight between the detectors, was also 
recorded. 
The electronic arrangement for monitoring the beam condition 
is shown in 'fig. 3.6. A liquid scintillator (NE213} was 
optically coup1ed directly onto the cathode face of a RCA8575 
photomultiplier tube. Both the dynode and anode signals were 
used so as to produce both a total light output pulse and a target 
to detector time-of-Flight pulse. These pulses were processed as 
2-parameter events and displayed on-line as L vs. T.O.F on a 
cathode ra~ osci1 loscope. In addition, T.O.F spectra were recorded 




























Fig. 3.5 The zero crossover method used to extract an S pulse in 
some of the runs. "Vertex" here ref'ers to the anthracene crystal 
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u'= No. of UP FLIPS 
D'= No. of DOWN FLIPS 
Fig. 3.7 A schematic diagram oF the control system used to rotate 
the crystal at regular intervals. This was connected via a scaler 
control unit to various scalers so that counts corresponding to 












The automatic rotation of the crystal was control led by a 
logic.module which was designed and built for this purpose. This. 
in turn was coupled to a scaler control unit (fig. 3.7). One of 
two alternative methods was used to determine when to rotate the 
crystal. The one method selected L pulses above a high 
discrimination level and the corresponding logic signals were sent 
to the logic control module. The other method (effectively a 
timer) used pulses of a pre-selected rate provided by the scaler 
control unit. The logic control module then counted the incoming 
signals and whe~ a pre-set number of counts had been reached, the 
logic control box sent a signal to the polarimeter via a four-way 
cable. This activated a motor attached to the polarimeter which 
rotated the crystal via a pulley (fig. 2.4). After roi;:,at..i ng 
':.·5-.·::.' 
through 180° the mechanism activated a microswitch which caused 
the motor to stop. At the same time a signal was returned to the 
logic control module to reset the internal timer and to switch the 
gate control signal. The net effect of rotating the crystal 
without operator intervention was effectively equivalent to 
regularly inverting the spin state of the incident beam. 
3.4 Data acquisition 
In the asymmetry measuring experiments, three parameters were 
recorded per event; namely the pulse height L, the pulse shape S 
and a tagging parameter. This tag was produced by sending a 
logic pulse generated by the logic control module to a 13-bit 
register. Two logic pulses, each corresponding to a crystal 













Each accepted event was buffered on magnetic tape under 
control of a data acquisJtion programme run on a PDP 34/15 
computer. The L and S values were first checked to ascertain 
whether preset sof"tware threshold criteria were satisfied before 
the event was accepted for buffering. During the interval when 
the crystal was being rotated, no output was generated by the 
logic unit. These events were rejected 'via a software gate. 
For the scattering angle calibration rtin~ utilising the side 
detector, the event included an additional parameter T, the time-
of-fl ight of' the scattered neutron·which was in coincidence with 
the recoil proton in the anthracene detector. 
In order to minimise errors arising :from pulse distortion due 
to random pulse pile-up in the anthracene detector, a pile-up 
rejector module was included in the electronic circuit ('fig. 3.4). 
If a second signal was detected within a pre-set time after the 
first pulse, a logic signal generated by the module signifying a 
pile-up condition was directed to an input of the register. Hence 
a pulse pile-up event, identified by the tag parameter, could be 
excluded from the later off-line analysis. Since pile-up rejection 
is also incorporated in the LINK module, the above procedure acted 
as a back-up system for those runs using the LINK. 
In addition to the runs at the polarization orientation (fig. 
2.2), calibration runs were also made with the crystal oriented so 
as to align its b- or c'-axes with the neutron beam, thus giving 
LS spectra as shown in fig. 2.1. 
Various gamma ray calibration spectra, usually with 60co 
being used as the source, were also acquired at regular intervals 
for the fol lowing purposes 
i) the determination of the true zero (L
0














was found by assuming that the amplifier gain 
calibration was accurate, and collecting spectra for a 60co 
source at two different gain settings. The channel nu~bers 
corresponding to the Compton edge were then used to ,deduce 
the zero energy channel number.) ; and 
ii) to have a record of the spectra used for the pulse height 
matching of the central detector system, as well as 
information on the pulse height resolution. 
All of the above spectra, as well as various time-of-flight 
spectra, were transferred to magnetic tape for later processing. 
In addition various scaler readings (such as total number of 
events, number of crystal flips, number of coincidence events 
etc.) were recorded. The scalers provided on-1 ine monitoring of 
the experiment and provided information for cross checking during 












DATA REDUCTION AND CORRECTIONS 
4.1 Introduction 
37 
The raw event-by-event data were processed off-1 ine on a 
SPERRY 1100 computer and were sorted ·into 2-parameter (LS) 
spectra. The calibration data were analysed so as to determine the 
angle bin boundaries (in the LS plane) associated with the 
scattered neutron angles. The angle bins corresponding to various 
scattering angles were defined, then a spectrum was obtained for 
each bin, -from which the .leFt-right asymmetry was extracted For 
the corresponding scattering angle. 
However careFully measurements may be made and corrections 
estimated, the possibility of an undetected systematic false 
asymmetry in this expe_riment remains. ln order to minimise this 
r_isk. the ofr-line data reduction of these experiments included 
checks to detect possible hidden instrumental errors (eg. due td 
electronic drifts) and to correct For these errors. The approach 
_was to detect shifts between A and 8 spectra due to instrumental 
errors and to correct for these shifts while at the same time 
taking care not to eliminate effects due to 'true asymmetries, ie. 
the aim was to discriminate against systematic error only. To 
develop and test these correction procedures, computer simulated 
spectra were used extensively. 
Another problem is the escape or recoil protons from the 
crystal surface. The L and S coordinates generated by the escaping 
protons are difrerently related to the proton energy and ~irection 
than those of protons stopped in the crystal (see fig 4.9). Unless 
properly accounted for, the escape events can interrere in two 












the effect of diluting the asymmetry. Secondly they can interfere 
with the shift correction procedure thus causing false 
asymmetries. 
A major part of the off-line data analysis concerned these 
corrections (shift and escape). The ~ethods developed for these 
purposes are discussed before outlining th~ procedures used to 
implement angle bin calibrations, as well as the remainder of the 
data reduction. 
4.2 Outline of method of determining the asymmetry 
For the ideal experiment (no shifts, escapes etc.) the 
asymmetry e can be extracted from the A and B spectra as fol lows 
(BR74). The A and B spectra are summed (the B spectrum first being 
normalised to the same total count value as the A spectrum). The 
median channel of the summed.spectrum is then calculated, thus 
providing an estimate of the median channel for each of the A and 
B spectra. As shown in appendix 4.1, the exact determination of 
the median is not critical if the spectra coincide properly, ie. 
if there is no relative shift between the spectra. The position 
of the median then defines the number of left and right scatters 
in each spectrum, from which the asymmetry is calculated as 
outlined below with reference to fig. 4.1 . 
The measured asymmetry is given by (see appendix 4.3) 
(protons left - protons right) 
total counts 
This is a measurement of the asymmetry of proton recoils at 
al 1 azimuthal angles for a given neutron scattering angle a. This 
azimuthal asymmetry is related (8R74) to the planar asymmetry 












A SPECTRUM I I 8 SPECTRUM N< 'N> N< 'N> A : A B : 8 
I I 
I I 
t s t s 
MEDIAN MEDIAN 
Fig. 4.1 Schematic sketch of an angle bin spectra pair. The 
spectra are divided by the median channel number into lower 5- and 
higher 5-sections denoted by the superscripts "<" and ">" 
. < < > > respectively. NA , NB ,NA and NB represent the integrated 
counts within these sections. 
' Hence ep<e> (n/2) ( NA < - N > )/( N < + N > ) for the A spectrum = A A A 
and ep<e> (n/2) ( NB > - N < )/( N > + N < ) for the B spectrum. = B B B 
i e. ep(e) (n/4){ ( NA < - N > )/N + ( NB > N < )/NB } = . A A B 
If NA and N8 are normalised to N • then 
ep<e> C n I 4N) { N < + NB > ( N > + N < ) } = - . A A B 
If the spectra contain an escape contribution, the asymmetry 
is effectively diluted (BR74). However, the fraction of escapes. 
comprising the spectra can be estimated, and a correction can then 
be applied. As explained in appendix 4.2, false asymmetries are 
calculated from the A and B spectra if their median channels do 
not coincide because of a relative shift between the spectra. The 
detection and correction of the A-, B-spectrum shift was 
considered to be a limitation of the original procedures (BR74), 
and hence particular attention was given to resolving the problem 












4.3 Development of a spectrum shift correction procedure using 
simulated data 
The requirement 
. The left-right asymmetry value for a particular scattering 
angle is computed from two related spectra, the one corresponding 
to the scintillation crystal in the A polarization orientation, 
and the other to the 8 orientation (see appendix 4.3). Due to the 
nature of the analysis, any shift of the one spectrum relative to 
the other will result in a systematic false asymmetry being 
computed. This is explained in more detail in appendix 4.2. 
Although the design of the polarimeter was primarily aimed at 
minimising such shifts, even small remaining shifts can have a 
significant effect on the extraction of a reliable asymmetry 
value. This sensitivity is due to the fact that non-planar 
events are also recorded, and these fill up the central region of 
the spectrum between the left and right planar recoils (fig.4.2). 
A computer programme routine was therefore developed to detect and 
correct for these shifts. 
Once the amount of shift ( if any) is known , it is a s i rrip 1 e 
matter to correct the spectrum for the given shirt (and gain 
change). However, difficulty was experienced in developing a 
shift determination procedure which is rendered suf"ficiently 
insensitive to the statistical fluctuations which are always 
present in experimental data. In addition, any real asymmetry 
that is present in the data must not be disturbed and should also 



















5 CHANNEL NO. 
Fig. 4.2 Schematic representation or n-p scattering in the 
anthracene crystal. 
(a) For a given neutron scattering angle en• the proton recoil 
direction can lie anywhere along the surface or a cone or halr-
angle e = 90°-en about the incident neutron direction. The lert 
and right planar recoils correspond to ~=0° and ~=180°. 
"(b) A schematic sketch or the resulting angle bin spectrum which 
would be obtained with perrect resolution. The spectrum represents 
all azimuthal proton recoils corresponding to a given neutron 
scattering angle. The median channel number corresponds to proton 
recoils at ~=90° and ~=270°. The lert and right planar recoils 
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Simulated data 
A number of different shift deduction methods were 
investigated, and to aid in the selection of the most suitable 
procedure, simulated spectra were generated. It was found that 
two overlapping Gaussian curves provided a quick and accur~te way 
of producing spectra which simulated the real situation. The 
following parameters could then be easily introduced into the 
simulated spectra, together with randomly generated statistical 
errors 
i) a built in shift along the channel number axis~ simulating 
the systematic errors; 
ii) a built in gain change; and 
iii) a known true asymmetry. 
Statistical fluctuations were simulated by making use of a random 
number generator. The standard deviation of each chann~l count 
value was taken as the square root of the value, and a realistic 
simulation was possible by electing random values drawn from a 
normal distribution centred about the co~nt value. The 
statistical fluctuations were incorporated into each of the two 
Gaussians which were theri each normalised to their original peak 
areas, before they were summed. This ensured that any spurious 
systematic asymmetry that may have entered in the process of 
adding the statistical fluctuations was eliminated. 
A description of the shift-correcting procedure which was 
finally evolved is now given. 
Kinked sine slide percentile method (KSSPM) 
This is a method to determine shift and gain changes between· 
A and B spectra (see appendix 4.3). Fig. 4.3 comprises a number of 
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(i) 
(ii) 
( i i i) 
Fig. 4.3 Sketches to aid in the explanation of' the KSSPM shif't 
correction method (see text). (i) is a schematic sketch of' an 
angle bin spectrum (ii) is a plot resulting f'rom the percentile 
method, showing the S channel number corresponding to the 
integrated count value (expressed as a percentage of' the total 
number of' counts in the spectrum) at that channel (iii) S channel 













percentile method, the channel numbers corr~sponding to 
preselected percentiles are determined independently for the A 
spectrum and the B spectrum {fig.4.3(ii) ). These points are 
plotted CB channel no. vs. A channel no. for each sele!'.:ted 
percentile value) and fitted by a straight line. The slope of this 
1 ine was then taken as a measure of the gain change of the B 
spectrum with respect to A, and the intercept as a measure of 
constant shift {fig.4.3{iii) ). This method by itself was found 
to work wel 1 for spectra identical apart from statistical 
fluctuations. However it proved sensitive to true asymmetries in 
the data and reduced these asymmetries unpredictably by 
determining an incorrect shift in the correction procedure. This 
~.. problem was clearly due to a departure bf the percentile level 
relationship {rig. 4.3{iii) ) "from linear when true asymmetries 
were present in the data. 
The KSSPM thus attempts to first e:ff"ectively remove any true, 
but unknown, asymmetry in the spectra before the percentile method 
is applied. Ignoring small asymmetries due to statistics, this is 
achieved by compensating for the height (ie. co~nt) dif"ferences 
{which are manifestations of the true asymmetry) between the A and 
B spectra. This results in percentile points which 1 ie on~ 
straight line, as expected, rather than on a curve. Specifically, 
one of the spectra {normally 8) is height (ie. count) adjusted on 
its lef"t and right pulse height edges by "factors k 1 and k 2 
respectively, which are to be determined by the method (fig. 
4.3(i) ). The central count region is height-adjusted by factors 
varying smoothly from 1 to k 1 (or k2 ) outwards from the median 
channe 1. This was at first accomplished via a 1 inear sl'iding 












linearly with channel number from l to k 1 o~ k2
. A more realistic 
and satisf"actory approximation (KSSPM) was afterwards introduced 
in which the increment in k was taken proportional to cos • where 
•is the proton recoil azimuthal angle. This is based on the fact 
that the left-right asymmetry is proportional to cos •· In 
implementing this, the approximation 4> oc S was assumed. 
After each spectrum adjustment, the percentile method is used 
to.obtain shift and gain values together with a least squares 
value for comparison purposes. The height compensation factor is 
incremented, and.the entire procedure repeated. The shift 
corresponding to the lowest least squares value is taken as the 
required correction. 
When applying the KLSPM to the artificial spectra, a smal 1 
--''••·-. - ~.,' -·, ... 
systematic error in the asymmetry value is present even with 
perfect statistics. This is due to the fact that the linear 
slide does not reproduce the channel number.counts with sufficient 
accuracy. The KSSPM removes most of the systematic error. 
Tests using computer-simulated spectra 
To check the viability of the KSSPM, comprehensive tests were 
made with computer-simulated data., to test whether the method 
corrects for systematic drift asymmetries without distorting the 
true left-right asymmetries in the data. Fig. 4~4 shows data 
derived from simulated spectra incorporating a built-in true 
asymmetry ( e = 0.0118) together with different (drift) false 
asymmetries. Each group of points incorporates a different false 
asymmetry in the range -0.02 to +0.03. Ten simulations have been 













variations to simulate the statistical fluctuations in a typical 
experimental run. 
The small dots show the uncorrected calculated asymmetry plotted 
against the known asymmetry value (given by the same simulated 
spectra but without any statistical uncertainty); crosses show 
the average of these uncorrected asymmetries; and open points 
show the averages of the corrected asymmetries together with their 
mean standard deviations. These values were extracted from the 
spectra after the shift correction, as determined by the KSSPM, 
had been applied~ The fact that the shift corrected asymmetries 
reproduce the true value {to within the calculated uncertainties) 
indicates that the procedure works reliably. 
Influence of the escape component 
In the procedure developed to deduce the spectrum shift 
correction, an assumption is made concerning the spectrum edge 
normal f sation factors: ff the left edge of the B spectrum needs a 
normalisation factor of k 1=k (see fig. 4.3(i) ) to compensate for 
possible asymmetry differences.betwee~ the A and B spectra, the~ 
it is assumed that the right edge requires a factor of k 2=1/k 
This assumption does not hold for the real data (see Appendix 4.4) 
when the spectra have an escape component (fig. 4.5). In this 
case intorrect shift correction values are determined leading to 
systematically incorrect asymmetry values. So as to validate the 
assumption during the data reduction, the escape contribution was 
estimated and first subtracted from the spectra before the 
procedure to deduce the shift correction was applied. An outline 













For the sake of completeness, a brief description of other 
methods tried but discarded in favour of the KSSPM described 
above, is documented. 
An incremental shift method was developed in which one 
spectrum, usually the 8, is shifted with respect to the other in 
incremental steps (i.e. effectively re-binning the data). A range 
of channel numbers making up the A spectrum left edge is chosen to 
effectively define a window. Similarly a window about the A 
spectrum right edge is selected. The channel count values of the B 
spectrum falling within each window as the spectrum is shifted is 
compared with the A spectrum window count values. Each spectrum 
edge is then monitored independently using a chi-squared 
·minimising technique to establish the amount of shift existing. 
Two methods were attempted to account for real asymmetry in the 
data. 
i) For each shift increment, the B spectrum window count total 
is first normalised to the A spectrum window total bef"ore 
the chi-square value is calculated. This simple asymmetry 
compensation method works very well using data with no 
statistical 'fluctuations, but gets progressively more 
unreliable as the range of fluctuation increases. 
ii) the height (ie. count) adjustment is done in incremental 
steps for each shift increment. The chi-squ~re values are 
fitted by a second order polynomial and the value 
corresponding to the parabolic minimum is calculated. This· 
procedure is repeated for each shirt step and the shift 
value corresponding to the overal 1 minimum x2 is the deduced 












with perfect statistics, but when statistical fluctuations 
are present the deduced shift becomes unr-eliable. Problems 
are probably due to the fact that only the edge is analysed 
resulting in too few datum points for the method to be 
sufficiently effective. 
In an effort to render the method insensitive to the 
statistical fluctuations, considerable effort went into developing 
a suitable spectrum smoothing routine. The most effective 
procedures were a moving point polynomial method (SA64) and a 
discrete fast Fourier transform method. Although the 
introduction of the smoothing improves the situation, there 
remains a systematic error in the deduced shifts making the entire 
procedure unsuitable for extracting asynvnetry values to the 
desired accuracy. 
4.4 Raw data analysis 
Defining the angle bins 
In the experimental configuration a side detector was used so 
that the recoil proton events could be calibrated in terms of the 
corresponding neutron scattering angle. 
The coincidence events of each calibration run were read from 
the buffer tapes using a SPERRY 1100 computer and stored on hard 
disc to facilitate rapid data analysis. Each run (corresponding 
to a particular neutron scattering angle) was processed as 
fol I ows :-
i) The events were scanned and the coincidence time-of-flight 
parameter was binned so as to derive a spectrum. This coincidence 
T.O.F. spectrum was plotted in the form of a 256 channel histogram 

















S CHANNEL NO. 
Fig. 4.5 Schematic sketch of an angle bin spectrum for the 





















Fig. 4.6 Neutron T.O.F. spectrum for neutrons scattered from the 
anthracene target and detected by the side detector (in this 
particular case 0n=50° lab angle}. The window (indicated by the 
arrows} was used so that the associated cofncfdence recoil protons 
could be selected as explained in the text. The flight path was 45 












peak sitting on a broad background resulting from random 
coincidence events. 
ii)· The events were once again scanned but this time only those 
events which fell within a window set on the T.O.f. peak were 
selected. In addition, the value of the tagging parameter of 
each selected event was used to separate the events corresponding 
to the up and down crystal orientations. The events were stored 
in a 2-dimensional array (64 x 64 channel matrix) according to the 
L and S parameter values. A density plot of the combined data 
(fig. 4.7) shows peaks in the L-S plane indicating those planar 
proton recoils which were elastically scattered by the detected 
neutrons. In the one crystal orientation the recoil protons were 
closer to the c'-axis and hence a peak was obtained at a low S 
value.· In the other orientation the protons were closer to the. 
b-axis and a peak was obtained at a high S value (and the L value 
was lowe~ than for the corresponding low Speak). A line joining 
the centroids of these two peaks defined a locus corresponding to 
those proton recoil events (mostly non-planar) which were 
associated with the particular neutron scattering angle. 
Additional measurements indicated that a straight line locus is 
indeed appropriate. Fig. 4.8(a) indicates a series of coincidence 
peaks for different neutron scattering angles. 
iii) When al I of the calibration runs had been processed as 
exclained above, a series of loci defined the scattering angles in 
the L-5 plane (fig. 4.8(b) ). The widths of the coincidence 
peaks suggested that an approptiate angle bin width should be ioo 
laboratory angle (ie. 20° centre-of-mass). Since there i~ a spread 
in the peaks contributed by the resolution of the·std~ detector~ 
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the LS plane. The associated scattered neutron laboratory 
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Fig. 4.8(a) A series of density plots showing proton recoil events 
in cofnc1dence with scattered neutrons at the neutron laboratory 
angle indfcated. The z-scale ranged from between 1 and >10 counts 































angle bin boundaries 
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Fig. 4.8(b) Angle bins in the LS plane as defined by the 
coincidence proton recoil peaks. The associated neutron centre-of-
mass scattering angles are shown. The angle bin boundaries are 
superimposed on a contour plot of an LS singles spectrum and on a 












Producing angle bin spectra 
During the data collection for an asymmetry measurement, 
several 2400' magnetic tapes of event-by-event data were 
collected. The processing of each buffer tape separately hence· 
constituted a convenient subset of the total available data. 
Each tape was processed as follows:-
i) The tape was scanned and each event was sorted according to 
the value of the tag parameter. The events tagged as pi le-ups 
were rejected. Two L-S matrices (64 x 64 channels each) label led 
A and B were accumulated. The sorting of events into the A or B 
matrix was designed so that the sign of the extracted asymmetry 
values would be consistent with the Basel convention (see Appendix 
4.3). An isometric plot of one of these matrices containing data 
obtained at the polarization orientation is shown in fig. 4.9. 
ii) A projected L spectrum was obtained From each of the matrices 
to check whether th~ pulse heights L were properly matched. Where 
necessary a relative gain correction factor was determined using 
an incremental method incorporating a minimum x2 comparison test. 
The L axis of one of the matrices was then effectively adjusted so 
as to correspond with the other. 
iii) Using the appropriate angle bin boundaries to define the 
required angle bins, the L-S spectrum count values lying within 
the boundaries were projected onto the Saxis (or at some angle 
other than 90° to the S axis where necessary) using the A and B 
matrices. Fig. 4.10 shows histogram plots of typical angle bin 
spectra. Because the boundary loci are angled with respect to 
the L axis~ the appropriate Fraction of a matrix element count 














E..!9· 4.'.Z An LS singles spectrum recorded With the anthracene-2 
crystal in the polarization orie~ation. ~e L threshold is lower 
here than in fig. 2.3. C indicates Compton electrons. P the recoil 
protons. E the proton escape rl~e and A alpha particles from the 
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Fig. 4.10 Typical angle bin spectra at the polarization 
orientation For (a) 90° bin and (b) 110° bin. The proton recoil 
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the case when S projections non-perpendicular to the S axis were 
done. Thus an angle bin spectrum pafr for each specified neutron 
scattering angle was then available for analysis as previously 
outlined so that the asymmetry value could be determined. 
4.5 Estimation of the escape contribution 
The estimation of the escape component of the angle bin 
spectrum has a two-fold purpose. 
f) To correct for the diluting effect due to the inclusion of 
escapes in the total number of events, an estimatio  of the 
fraction of escapes making up the spectrum Is all that is 
required. A simple correction can then be applied to the asymmetry 
value, or equivalently, the number of escape events can be 
subtracted from the total number of events making up the spectrum 
before the asymmetry is calculated; and 
ff) In order to validate assumptions made in the shift correction 
procedure, the dfstributfon of the escape component lying under 
the spectrum needs to be estimated and removed. This is 
effectively a second order correction which is applied so that the 
shift correction can be correctly determined. As a result, the 
overal I sensitivity of the analysts fs not expected to be as 
dependent on the escape estimation as ft is on the shift 
correction value. This is fortunate because the true 
distribution of the escape events lying within the angle bin data 
fs unknown. 
By using a c'-axis angle bfn spectrum, where the escape 
events are more clearly separated from the main body of non-escape 
events (fig. 4.11), a good estimation of the fraction of events 
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Fig. 4.11 Th~ 90° c.m. angie bin specttum obtained from the c'-
axis crystal orientation showing the clear separation of the 
escaping and non-escaping proton recoils. The curves are a least 












with respect to the dimensions of the crystal, the fraction of 
escapes is expected to be approximately independent of the 
orientation of the crystal. 
The escape distribution in the polarization orientation angle 
bin spectra was assumed to be Gaussian in shape, and the 
protrusion in the left edge of the spectrum (especially for the 
low neutron scattering angles) aided in the estimation of the 
position and width of the escape peak. Although the number of 
escape events contributing to the angle bin spectra decreases as 
the scattering angle increases, the escape distribution is pulled 
into the spectrum and is difficult to estimate reliably. 
4.6 Polarization and null runs 
The pblarization runs~ which were collected at E=20°, 
provided the asymmetry data for the P analyzing power np 
measurements. To monitor and correct for possible systematic false 
asymmetries remaining a:fter all corrections had been applied 
during the data reduction process, null runs at E=D 0 were also 
collected. Where the null data indicated an asy~metry inconsistent 
with zero, this was taken· as an indication of the residual false 
asymmetry. This residual asymmetry was treated as an estimate of 
the systematic error remaining in the corresponding polarization 
data collected under the same experimental conditions. The removal 
of the systematic error was thus the final correction applied to 
the measured asymmetry. 
4.7 Asymmetry uncertainty estimate 
A formula for estimating the uncertainty Ae of a left-right 












appendix 4.5. In the present situation the asymmetry £p is given 
by (see section 4.2 and fig. 4.1) 
E:p = {11/4N) ( NL - NR 
where NL NA 
< + NB 
> and NR NA > + NB < = = . 
Since NR = ZN - NL • it fol lows that f:p = (11/ZN) { NL - N ) . 
From appendix 4.5 the asymmetry AE:p is 
AE:p = n ANL/2N , 
where ANL = ( (ANA<)2 + (AN8>)2 ]1/2 since N < and N > are A B 
independent measurements. 
Now, by Bernoul.J i statistics (see appendix 4.5), 
ANA 
< (N < N > /N) l / 2 [NA 
< (N - N <)/N]l/2 = = A A A 
and ANB > (NB > N </N)l/2 (NB > (N NB» /N] 1 /2 = = B 
Hence 
To test the validity of this formula, an experimental run was 
divided into six subsets. The asymmetry was calculated from each 
spectrum subset (no corrections being made for shifts etc.), ahd 
the mean and standard deviation of the mean were calculated in the 
usual way 
i e. £ = 




li (£ - ~i) 
n(n-1) 
This was then compared with the value calculated from the spectrum 
comprising the sum of the spectrum subsets using the derived 
formula. This comparison was done for several scattering angles. 
As can be seen from table 4.1, the viability.of the formula has 
been demonstrated. It Is noted that this. formula should be used 
instead of that given in reference BR74 which underestimates the 












Tab ·1 e 4. 1. An ana I ys is of' i) subsets of' asymmetry data, and 
ii) the combined data. 
Asymmetry in percent 
angle 
set 1 set 2 set 3 set 4 set 5 set 6 mean of' sets Combined 
90° 1. 01 1. 03 1. 48 0.97 1.47 1. 0 l l . l 6±0. 10 1.17±0.10 
105° 0.85 0.50 0.94 1.65 0.79 1. 0 l 0.96±0.16 0.97±0.13 
l 15 ° 0.97 1. 14 1. 11 0.76 1.37 0.67 l .00±0.11 1. 03±0. 14 
130° 0.60 0.58 0.77 l. 52 1. 13 1. 03 0.94±0.15 0.91±0.12 
150° 0.36 0.38 0.44 0.48 0.33 -0. l 0 0.31±0.09 0.37±0.16 
4.8 Summary of procedures applied in data reduction 
A and B angle bin spectra were generated for both the 
polarization and null runs. The analysis procedures were identical 
for both types of run.· The spectrum component comprising proton 
recoi 1 escapes was estimated and removed 'from the spectra. The 
relative shift between an A and B spectra pair was then 
determined. and a spectrum shif't correction applied when 
indicated. The asymmetry and the associated uncertainty were then 
extracted from each spectra pair. The asymmetry value from the 
polarization run was then corrected 'for any remaining systematic 
















The results presented comprise four experimental runs, 
identified as A,B,C and O, made using two dif"ferent anthracene 
crystals. Runs A and Bused a cylindrically shaped (radius=l.25cm, 
length=2.5cm) anthracene crystal (anthracene-2) of volume -12 cm3 . 
The other runs C and D used an irregularly shaped crystal 
(anthracene-1) of volume -1.5 cm3 • Although anthracene-2 has 
scintillation char~cteristics inferior to those of anthracene-1, 
it was selected in two of the runs because it enabled the desired 
countihg statist~cs to be obtained in a shorter running period . 
In all of the runs, data were collected using neutrons from 
the T(d.~> 4He reaction, with Ed=5.00 MeV and neutron angle E=0° or 
20° to the deuteron beam. At E=0°, the incident neutron 
polarization is zero, and so the measured asymmetry is expected to 
be zero. The data collected at this angle are referred to as the 
null data. The incident neutron polarization for runs at E=20° was 
taken as 0.25 based on a Legendre polynomial fit to a number of 
angOJar distribution measurements (see SM72) for the T(d,n) 
reaction at this energy. 
Since the incident neutron energy is similar for the nul I and 
polarization runs (22 MeV and 21.6 MeV respectively), the 
conditions for the two types of run were essentially the same, 
apart from the incident neutron polarization. The null runs were 
aimed at monitoring residual systematic asymmetries of whatever 
origin in the polarization runs, not removed by instrumental 
design or shift corrections etc. They also provided an estimate 












The criterion used to determine whether residual asymmetries 
requiring correction were present in the polarization run was 
based on th~ statistical uncertainty measured for the associated 
nul 1 asymmetry measurement. If the nul 1 asymmetry values showed a 
statistically significant systematic trend ( ie. I enul l PAenul l), 
then the null measurement was regarded as an estimate of the 
systematic error in the polarization asymmetry measurement, ie. 
the true polarization asymmetry was taken as 
e = epol - e corr nul I 
where epol and enul 1 are the asymmetries measured in the 
polarization and null runs respectively. This situation applied to 
runs A, Band C. Where the null run showed no statistically 
significant non-zero trend however, as was the case for run D, 
this correction was ignored and e -e was assumed. corr- pol 
The results of the various runs are given in tables 5.1 to 
5.4. In al 1 cases except one, the data were analyzed using angle 
bins of width equivalent to 20° c.m. scattering angle ie. 10° lab 
scattering angle. In data set A, the 77.5° angle bin has a 5° c.m. 
width. This was because the experimental pulse height threshold 
used for this run restricted the lower limit of the angle bin 
boundary to 75° c.m. The angles listed in the table are the 
centres of the angle bins used and correspond within ± 0.5° to the 
associated mean c.m. scattering angl~s. 
The asymmetry values listed are planar asymmetries (ie. 
including the ~12 factor) calculated either without any correction 
or w i·th a spectrum shift correction. Where it was found necessary 
to account for the interference of the escape events during the 












Table 5. 1 . Results of run A. 
e no shift correction with shift correction n 
e -0.0076 ± 0.0021 -0.0035 ± 0.0021 enul 1 0.0059 ± 0.0016 0.0109 ± 0.0016 
77.5° epol 0·•0135 ± 0.0016 0.0144 ± 0.0016 corr 
p 0.0540 ± 0.0065 0.0575 ± 0.0065 n 
e nul ·1 -0.0048 ± 0.0011 0.0002 ± 0. 00 1 l 
epol 0. 0070 ± 0.0009 0.0115 ± 0.0009 
90° e 0.0118 + 0.0009 0.0115 ± 0.0009 corr 
p 0.0472 ± 0.0035 0.0462 ± 0.0035 np 
e null -0.0001 ± 0.0013 0.0089 ± 0.0013 
epol 0.0082 ± 0.0010 0.0171 ± 0.0010 
110° e 0.0082 ± 0.0010 0.0082 ± 0.0010 corr 
p 0.0326 ± 0.0041 0.0330 ± 0.0041 np 
e nul 1 0.0052 .± 0.0019 0.0138 ± 0.0019 
epol 0.0172 .± 0.0012 0.0205 ± 0.0012 
130° e 0.0120 ± 0.0012 0.0067 ± 0.0012 corr 
p 0.0483 ± 0.0048 0.0267 ± 0.0048 np 
e null 0.0111 ± 0.0027 e 0.0137 + 0.0017 
150° pol 0.0026 ± 0.0017 e corr 












Table 5.2. Results of run B. 
a no shift correction with shift correction n 
,£ 
nul 1 0.0140 ± 0.0031 0.0069 ± 0.0031 
£po1 0.0256 ± 0.0028 0.0209 ± 0.0028 
90° £ 0.0116 ± 0.0028 0.0140 ± 0.0028 corr 
p 0.0464 ± 0.0112 0.0560 ± 0.0112 np 
£ nul 1 0.0305 ± 0.0034 0.0424 ± 0.0034 £ 0.0468 ± 0.0030 0.0609 ± 0.0030 
11 o0 pol 0.0163 0.0030 0.0185 0.0030 £ ± ± corr 
p 0.0652 ± 0.0120 0.0740 ± 0.0120 np 
£ nul I 0.0856 ± 0.0039 0.0796 ± 0.0039 
f. 0.0955 ± 0.0035 0.0851 ± 0.0035 
130° £pol 0.0099 ± 0.0035 0.0055 ± 0.0035 corr 
p 
np 0.0396 ± 0.0140 0.0220 ± 0.0140 
f. nul 1 0.0102 ± 0.0068 
f. 0.0067 ± 0.0066 
150° 
pol 
-0.0035 0.0066 f. ± corr 
p -0.0140 ± 0.0264 np 
Table 5.3. Results of run c. 
en no shif"t correction with shif"t correction 
e -0.0048 ± 0.0036 -0.0119 ± 0.0036 nu I I 
e 0.0056 ± 0.0023 0.0005 ± 0.0023 
90° 
pol 
0.0104 ± 0.0023 0.0124 ± 0.0023 e corr 
p 0.0416 ± 0.0091 0.0494 ± 0.0091 np 
f. nul I -0.0104 ± 0.0042 -0.0163 ± 0.0042 
e -0.0040 ± 0.0026 -0.0082 ± 0.0026 
11 o0 pol 0.0064 ± 0.0026 0.0081 ± 0.0026 f. corr 
p 0.0255 ± 0.0105 0.0324 ± 0.0105 np 
e nul 1 -0.0422 ± 0.0052 -0.0161 ± 0.0052 
f. -0.0265 ± 0.0033 -0.0052 ± 0.0033 
130° pol 0.0157 ± 0.0033 0.0109 ± 0.0033 f. corr 












Table 5.4. Results of run o. 
a no shift correction with shift correction n 
£. nul 1 0.0123 :!: 0.0042 0.0138 :!: 0.0042 
£. 0.0049 :!: 0.0041 0.0087 ± 0.0041 &pol 0.0049 :!: 0.0041 0.0087 :!: 0.0041 
90° corr 
p 0 .• 0195 :!: 0.0165 0.0347 :!: 0.0165 np 
£. null -0.0059 :!: 0.0051 -0.0045 :!: 0.0051 
£.pol 0.0118 :!: 0.0056 0.0144 :!: 0.0056 
£. 0.0118 :!: 0.0056 0.0144 :!: 0.0056 
1 1 o0 corr 
p 0.0471 :!: 0.0225 0.0578 :!: 0.0225 np ~ 
£. null 0.0053 :!: 0.0060 0.0045 :!: 0.0060 £. 0.0054 :!: 0.0066 0.0048 :!: 0.0066 pol 




np 0.0217 :!: 0.0264 0.0192 ± 0.0264 
Table 5.5. Polarization values (expressed as a percentage) used for 
calculating the weighted mean. 
centre-of-mass scattering angle 
Data 
Set 77.5° 90° 1 1 o0 130° 150° 
A 5.75 ± 0.65 4.62 :!: 0.35 3.30 :!: 0.41 2.67 :!: 0.48 1. 04 :!: 0.68 
B 5.60.± 1. 12 7.40 ± 1.20 2.20 ± 1.40 -1. 40 :!: 2.64 
c 4.94 ± 0.91 3.24 ± 1 • 05 4.35 :!: 1. 31 
D 3.47 ± 1.65 5.78 ± 2.25 1. 92 ± 2.64 
mean 
p 












and is given by Ecorr/0.25. In al 1 of the tables. the 
uncertainties reported are statistical only. 
In al I cases. the asymmetry values extracted using the shift 
procedure were considered more reliable. and the associated 
polarization values were carried forward to table 5.5. 
The set A asymmetry values extracted without applying a 
spectrum shift correction, are shown plotted as a function of' e n 
in fig. 5.la. These can be compared (fig. 5.2a) with the values 
obtained when a spectrum shift correction was applied. It can be 
seen that there is a significant null asymmetry of ~ 1% even after 
the shift correction. The cause or this residual asymmetry is 
unknown. if there were no residual systematic error, then the nul I 
asymmetry values would form an envelope (enclosing the data ooir1ts 
and error bars) parallel to and consistent with the abscissa. As 
can be seen, tt1e nu I l asymmetry values instead show a systematic 
trend (approximately linear)- with respect to en· This ti It of the 
envelope away from the horizontal is an indicatior1, then, of the 
residual systematic error, and provides an estimate of the 
correction to be applied to the£ 1 values. An estimate of the PO 
mean width of the envelope gives the uncertainty in the systematic 
correction. For set A, the systematic uncertainty in the final 
asymmetry values is thus 0.00085. This imol ies tt1at the systematic 
uncertainty in the polarization values for run A is 0.0034.· 
It is also noted that the net effect of the shift corrections 
on the final asymmetry values is smal I (figs. 5.Jb and 5.2bJ. It 
was found tt1at tt1e shift correction cou Id not be rel i ably 
estimated ror· tt1e 8n=150° angle bin data. This was due to a 
comrJ i nation of poor-er statistics and tt1e fact tt1at tt1e data i e 
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Fig. 5.1 The uncorrected asymmetry values ror run A, showing 
(i) epol and ~null asymmetries as a Function or en c.m.: and 
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Fig. 5.2 The corrected asynmetry values for run A, showing 
Ci) £.pol and Enull asymmetries as a runction of en c.m.; and 
{if) £.corr asymmetry as a runction of -en c.m. The open point is 












The final polarization values obtained from each data 
set are summarised in table 5.5 and in fig. 5.3. The individual 
values for each scattering angle were weighted by the inverse 
square of the statistical error to obtain the average. The 
dominance of set A in the mean, because of the much smaller 
uncertainties, is evident. Nevertheless, the internal consistency 
between the sets can be clearly seen (fig. 5.3). This consistency 
lends confidence to the method of using the null measurements to 
estimate corrections to the asymmetry data. It can be seen that 
the asymmetry values measured for a given 9
0
, which differ between 
sets, sometimes by large amounts, agree after this correction has 
been applied. 
A plot of the final polarization values is given in fig. 5.4. 
Since set A dominates the mean P values presented in table 5.5, . np 
the systematic uncertainty (due to the null correction) associated 
with these mean values may be taken to be the same as those for 
set A. The uncertainty in the incident neutron polarization is 
estimated as± 0.01. The systematic er~or due to this uncertainty 
in the incident polarization is estimated as being negligible by 
comparison with that introduced by the null correction. The final 
results of the present P measurements are thus presented in np 
table 5.6. The total uncertainty includes the statistical and the 
systematic uncertainties combined in quadrature. This gives an 
indication of the overall error with the scale error folded in 
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Fig. 5.3 A plot of Pnp in percentage for the four data sets. The 
shaded areas represent the weighted mean values (±one std. dev.) 
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Fig. 5.4 A plot of the present n-p polarization data at En=21.6 












Table 5.6. The oresent P results <in %> • no 
<absolute) uncertainties 
e (c.m.) Pno statistical systematic total n 
77.5° 5.75 0.65 0.34 0.73 
90° 4.69 0.31 0.34 0.46 
l l o0 3.72 0.36 0.34 0.50 
130° 2.78 0.42 0.34 0.54 













DISCUSSION AND CONCLUSION 
6.1 Introduction 
The polarization data from this experiment (fig. 5.4 and 
table 5.6) may be compared with other measurements at the same or 
nearby energies, with predictions based on phase shift analyses 
and with predictions based on N-N potentials such as the Paris 
potential. To facilitate such comparisons it is convenient to 
parameterize the experimental and the theoretical and phase .. 
predictions in a form suggested by Mutchler and Simmons (MU71). 
As shown by Mutchler and Simmons, for orbital angular momenta 
up to Lmax = 2, the polarization data in n-p scattering combined 
with the differential cross section data can be fitted with the 
function 
p($)o{S) = sin S (A + B cos S) . ( 6. 1 ) 
Here e is the c.m. scattering angle. The cross section can be 
approximated by using the expression (GA63) 
2 o(S) = (oT/4n)(l + bcos S) I (1 + b/3) • (6.2) 
where b=2(En/90) 2 . Here oT is the total n-p scattering cross 
section. which can be obtained from Gammel 's formula (GA63). En is 
the laboratory neutron energy in MeV. 
The parameters A. and B are related to the phase parameters 
~iLS representing combinations of triplet i-wave phase shifts 
arising from the spin-orbit part of the nucleon-nucleon 
i interaction. Approximations for the ~ LS are derived rrom 












that the phase shirts for L~ 1 are smal I, and the e:.
1 
mixing 
parameter is zero: 
p 
6. LS , and 
D 
6. LS = 4k2B/60sin2 <3S 1 ) (6.3) 
where k is the centre of mass wave number of the incident neutron. 
The magnitude of the polarization depends on the spin-orbit 
splitting APLS of the T=l triplet P-waves, whereas the shape 
D relates to the spin-orbit splitting A LS of the T=O triplet 0-
waves. 
6.2 The P measurements np 
A least squares fit or eq. (6.1) was made to the present 
experimental data using the matrix approach (0R66). The value used 
for aT at En=21.6 MeV was 0.447 barns. The values obtained from 
the fit for the parameters A and Bare given in table 6.1. The 
curve drawn in Fig. 6.1 indicates the fit to the present data. 
Table 6.1 also includes the results of similar fits to the 
corrected M074 and J074 data, as well as to the 22 MeV Karlsruhe 
(Wl84) data. There is good agreement in both the A and B values 
for the present, J074 and Karlsruhe data. There is, however, 
disagreement between the values obtained 'from the corrected M074 
data, both in terms of magnitude and shape. 
The present polarization data are also compared with the 
above mentioned measurements in fig. 6.2. The curve representing 
a fit to all of the data points is also shown. 
6.3 Phase analyses and potential predictions 
The polarization data are also compared in 'fig. 6.2 with some 













Table 6.1. Comparison of A and B from fits to various data sets and 
phase shift predictions. 
energy(MeV) 
Present 21.6 0. 1663 :!: 0.0070 0.0782 ± 0.0212 
J074 corrected 21. 6 0.1578 ± 0.0037 0.1096 ± 0.0089 
M074 corrected 21. 1 0.1953 ± 0.0071 0. 1696 ± 0.0135 
Karlsruhe 22::!: 1 • 5 0. 1699 ± 0.007 0.0990 ::!: 0.0128 
Combined 1 ) 21.6 used 0. 1686 ::!: 0.0037 0.0978 ± 0.0081 
Combined .2) 21. 6 used 0. 1752 :!: 0.0045 0.1167 ± 0.0096 
Paris potentia1 3 > 21.6 0. 1555 0. 1064 
Arndt 1983 4) 21. 6 0. 1469 0.0717 
LRL-X 5) 21. 1 0. 156 0.06 
Yale-IV 5) 21. 1 n-p 0. 158 0. 13 
p-p 0. 144 
l) present, J074 and Karlsruhe 
Z) present, J074 • Karlsruhe and M074 
3 > A and B are calculated directly from the phase shifts using the 
spin-orbit combinations: 
p 
(1/12)(-2 3p 3 3p 5 3p ) and t:. LS = + 0 1 2 
0 ( 1/60) (-9 30 30 3 t:. LS = I 5 2 + 14 0 3 ). 
4) 
from a fit to the n-p polarization predictions. Hence this is 
just an approximation. 
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Ffg. 6.1 A least squares fit to the present data of the form 
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Fig. 6.2 The most recent n-p polarization values tn the vicinity 












i) the polarfzation observable at 21.6 MeV as predicted by the 
energy dependent nucleon-nucleon partial-wave analysis of Arndt et 
al. (AR83). The calculatfon was made usfng phase shffts 
correspondfng to 21.6 MeV whfch were estfmated by interpolating 
between the publfshed n-p phase shifts at nearby energfes (see 
table 6.2); and 
ii) the polarization values at 21.6 MeV as predicted by the Paris 
potential. The phase shift parameters (Ml86) which were used in 
this calculation are listed in table 6.2. 
Values of the parameters A and Bin eq. (6.1) were obtained 
for the predictions represented by curves (i) and(ii). In the case 
of (f), the Arndt phase predictions, the curve was fitted to eq. 
(6.1) in the same way as for the experimental data. For curve 
(ii), the Paris potential prediction, phase shifts at exactly 21.6 
MeV were available and so A and B were calculated directly from 
these. The A and B values that were determined for (i) and (ii) 
are shown in table 6.1. The values of A and particularly B 
derived from the combined data show good agreement with those of 
the Paris potential, but disagree with the values given by the 
global phase shifts of Arndt 1983. For completeness, values from 
the earl fer global phase shifts Yale-IV (SE68) and LRL-X (MA69) as 
given in the paper by Morris et al. (M074) are also tabulated. 
The Bohannon single energy analysis at 25 MeV is probably in 
need of review owing to the inclusion of the uncorrected M074 and 
J074 data. This conclusion is substantiated by comparing the 
subsequent Karlsruhe (Wl84) and Wisconsin (5R86) n-p polarization 
measurements at 25 MeV with the values predicted by the Bohannon 












is disagreement, particularly in the shape of the polarization 
distribution. 
Table 6.2. Phase shifts (in degrees). 
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2.79 
0. 13 
6.4 The anthracene polarimeter 


























·It has been shown that the anthracene scintillation 
polarimeter is capable of measuring n-p analyzing powers reliably. 
The stat~stical accuracy of a measurement has been clarified, and 
the main sources of systematic error have been identified. These 
have been eliminated as far as possible both by means of improved 
instrumental design and·in more critical data reduction 
techniques. The new correction procedure for deducing spectrum 
shifts has proven its effectiveness. 
In the present experiment the null· asymmetry measurements 
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Fig. 6.3 Recent n-p polarization values at 25 MeV compared with 
the Bohannon phase shirt prediction. Ret=erences are : 












asymmetry is unknown. A possible cause could be that the proton 
recoil escape component is different for the "up" and "down" 
crystal orientations. While this residual asymmetry has proved a 
severe limitation in this experiment, it would be less so if 
(a) the incident pol~rization P were larger, as obtained for 
0 
example at most other laboratories where this kind of work is 
done; and/or 
(b) the polarimeter was used.at higher energies where P is np 
larger. 
In view of these considerations it may thus be seen that the 
' 
new anthracene polarimeter developed for this work is a 
significant improvement over its predecessor (8R74). 
6.5 Further developments and applications 
The present achievements suggest further applications of the 
anthracene polarimeter. Some possible applications and further 
developments are outlined below. 
i) If the crystal polarimeter were used at a facility with beam 
spin-reversal, no relative change in the A and B spectra should be 
evident due to the Fact that the crystal will not need to be 
rotated. Hence the need for the determination .of a spectrum shift 
correction should not arise, and hence the main source of 
systematic uncertainty in the measurements will be eliminated. The 
analysis will be straightforward, and reliable analyzing power 
measurements with excellent statistics (between 0.13 and 0.23 
should be possible. The same should appli to n-d ~easurements 
using a deuterated anthracene crystal. 
~i) The crystal scintillation polarimeter can also be used in 












beam. In thfs applfcatfon n-p phase~shlfts can be used to 
calculate the n-p polarization values P (0) at the beam energy np 
being used. The polarfzatfon of the neutron beam f s then gf ven by 
P=&(0)/Pnp(0) , where &(0) is the measured asynvnetry at scattering 
angle e. The anthracene analyzer measures the asymmetry for a 
range of scattering angles simultaneously. Naturally the accuracy 
of the beam polarization measurement will be limited by the 
accuracy to which the phase shift parameters at the energy of 
interest are known. This use of the polarimeter is envisaged for 
various medium ~nergy (up to 200 MeV) experiments at the new NAC 
fac i 1 i ty. 
To demonstrate the analyzer in operation, a.!"un was carried 
out urider slightly different ~onditions from those of the n-p 
. . . . - 4 
polarization experiments. The T(d,n) He reaction was again used 
and a deuteron energy of 5.6 MeV was selected. This energy was 
considered to be of interest because it has been noted by Mutchler 
et al. {MIJ7lb) that the 5He· compound system has a broad level at 
20-MeV ex~ltation (LA66) that occurs at Ed=5.62 HEV. They have 
suggested that the level structure of 5He may affect the 
polarization observable. 
The measurements were made using the anthracene-2 cryst~l and 
included ~ul l runs at ~=0° (Ed=5.0 MeV) and polarization runs at 
E=25° (Ed=5.6 MeV). The neutron energy in both cases was 22 HeV. 
The results of the as~etry measurements and the subsequent 
analysis are given fn appendix 6.1. The calculation gives P 1 = nc 
0.110 ± 0.015. Ffg. 6.4 shows this value together with previous 
measurements- made at a nearby neutron react f on angle ( E= 30 °). The 
present result Indicates that a depolarfzatfon resonance occurs at 











Fig. 6.4 Neutron polarization values 'from the T(d,n) 4 He reaction 
at reaction angle E;=30°. The present measurement was made at E;=25° 
and Ed=S.6 MeV. The dai;a are 'from Per.kins & Simmons(PE61), Busse 
et al(BU67), Smith and Thornton(SM72) and Mutchler et al(MU7lb) • 
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Fig. 6.5 Analyzing power 'for n-He elastic scattering at angles 












near thf s energy were befng affected by the resonance, bearing fn 
mf nd that there may be an averag f ng effect due to Finite energy 
. resolution of the deuteron beam. Also. the measurements of the 
T(d,fi} polarization between Ed= 5 MeV and Ed= 6 MeV, where the 
neutron energy fs close to 22 MeV, may not. be too rel fable. This 
is because the neutron polarfzatfon was measured usfng a helfum 
neutron po 1 ar i meter and depends on h- a. scattering phase shifts. As 
can be seen in fig. 6.5. the reliability of then-He analyzing 
powers near 22 M~V. which are obtained from a knowledge of the 
phase shifts, is reduced owing to resonances in the 5He system .. 
This· depolarization.ef:fect could be investigated in more detail by 
measuring the neutron polarization between Ed=5 MeV and Ed=6 MeV 
using smal 1 energy increments. It is interesting to note that 
measurements at neutron reaction angles E=90° and E=l20° (see Fig. 
6.6) a.lso indicate strong fluctuation in P (9) in the vicinity of n . 
iii) A further attractive extension would be to utilise a 
polarimeter consisting of a thin waf:er-like anthracene crystal. 
Then mainly planar recoils will be recorded, since a large portion 
of out-of-plane recoils will escap~ fbm the crystal and fall 
within the escape ridg~ of the LS spectrum. This should result in 
the left and right planar events in the LS plane being well 
separated from each other. The analysis procedure will ·thus be 
less sensitive to spectrum shifts, although this advantage will be 
off-set by a !==Onsiderably reduced count rate during data 
collectfon. If the increased number of escape events poses a 
problem, they can be even more posftfvely removed, for example, by 
coupling plastfc scintillators to the anthracene crystal. Thfs 
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Fig. 6.6 Neutron polarization values ror the T(d,n) 4He reaction at 
reaction angles ~=90° and ~=120°. Closed symbols are data rrom 













events from the non-escaping proton recoils to ah even greater 
extent because the plastic scintillator response is such that the 
S pulse from protons is much smaller than for the anthracene 
crystal. The escaping protons will therefore iie closer to the 
Compton ~lectron ridge. The wafer-like crystal would be 
particularly ~seful at facilities where Ao beam spin-reversal is 
available. 
6.6 C~nclusions 
The present data are in agreement with the most recently 
published n-p polarization data at 22 MeV (WI84) which were 
obtained with neutron production and detection techniques 
completely different from the present experiment. The present data 
also agree· with the updated previous Cape Town (J074) measurement. 
The corrected Morris data CM074), though systematically higher, 
are consistent with the above measurements, especially at the 
larger angles. 
The major conclusion drawn from comparing the present data 
(together with the other measurements) to available nucleon-
nucleon scattering predictions is that none of the global analyses 
give the correct polarization for n-p scattering. The Bohannon 
single energy analysis at 25 MeV is probably in need of review 
following the present updating of the original M074 and J074 data 
on which it was partially based. 
None of the n-p polarization measurements at 21.6 MeV show 
any indication of zero-crossing at large Scattering angles, which 
implies t~at any F-wave contribution is very small. This is in 
agreement with the large-angle measurement (see fig. 6.3) made at 












To summarise then, a fft to all of the n-p data at E = 21.6 
n 
MeV gfves (for 
3
s 1 = 84.0°) APLs=0.880° ± 0.023° and ADLs=0.12° ± 
0.01° • A proper assessment of whether or not there is evidence 
for isotopic spin splftting of the trfplet P-wave phase shifts 
(fe. APLS[n-p] - APLS(p-p] ) in the vicinity of 25 MeV may now be 
possible by including the new data in an updated phase shift 
analysis. 
The anthracene polarimeter has shown iself capable of 
precision n-p polarization measurements at 21.6 MeV. However, a . 
limitation is a residual systematic asymmetry of ( ii. This 
implies that further applications (either as a polarimeter or an 
analyzer) would require 
(a) a null measurement at an equivalent energy so as to monitor 
and provide a correction for any residual asymmetry; or 
(b) further investigation to try to account for the residual 
asymmetry. 
If this systematic error is indeed being caused by a difference in 
the proton recoil escape component associated with the two crystal 
orientations, the use of the polarimeter at a facility with beam 
spin-reversal should resolve the problem since the crystal could 














PHASE SHIFT ANALYSIS 
.Brief review of scattering theory (based on MA60) 
Direct information about the force between two nucleons is 
principally obtained by scattering one nucleon off another. 
According to the generalized Pauli principle, a pair of nucleons 
can exist only in states whose total wave function is 
antisymmetric (ie. changes sign) under interchange of the two 
particles (see for example GI80). The total wave function may be 
written as •=~x• where 
is dependent on the space coordinates of the 
two particles, 
is dependent on the z-components of their 
spins,and on the total spin s. The quantity 
m1 + m2 is the z-com~onent of s . 
•(T;T31 ,T32 > is dependent on the total isospin Tandon 
the z-components of isospin for the two 
nutleons( r 31 and T32 ). 
In spin-dependent scattering experiments, the measured 
properties depend upon the properties of the various interactions 
involved, and upon the geometric configuration (ie. energy and 
angle ). If the states before and after a scattering process are 
related by •f = S•i , the density matrices (W052,0A52) 
characterizing the system before and after scattering are related 
* by pf = Sp 1S . For scattering experiments in which the final 
particles are counted outside the unscattered beam, the incident 













· R=S-1. The Psc derined in this way describes the scattered wave. 
Because the momentum can usually be considered wel I defined in 
scattering experiments, a spin density matrix p(J$.} can be defined 
where !$. is a state of relative momentum. On the dynamical side, 
the momentum-space matrix element <!$.IRl!s.'> is a matrix in spin-
space whose elements, aside from a normalization factor, are the 
scattering amplitudes for initial and final spin states. In the 
description of polarization phenomena, it is convenient to 
incorporate this normalization factor and to deal also with the 
spin matrix M(J$.,J$.') whose matrix elements are exactly the 
scattering amp! itudes in variqus final spin states for fixed 
* initial spin states. Then p (k}=M(k,k~)p.(k')M (k,k') where the 
SC - - - 1 - - -
freedom in the normalization of the p(~) has been exploited. The 
operator M(Js.,!$.'} is a matrix in the spin-space or the two 
particles and can be expanded in terms of a general function whose 
coefficients are complex functions of energy and angle. See CMA60) 
for the full expres~ion. The coefficients are cal led the 
Wolfenstein parameters. A more conven~ent form of the M matrix was 
originally given by Wolfenstein (W054) which restricts the terms 
or the expression to singlet (s=O) and triplet (s=l) states. 
Nucleon-nucleon scattering occurs within the constraints 
imposed by invariance under time reversal and conservation or 
angular momentum and parity. For a given total angular momentum 
4 , the proton-proton system ha~ five independent ways in which 
the intrinsic spins and the orbital angular momentum can couple 
together (MA69b). Hence the p-p system has five complex scattering 
amplitudes. The antisymmetry of the p-p wav~ function when 
~ombined with the conservation of angular momentum and parity 












Under the assumption that the proton and neutron are isotopic 
states of the same particle that differ only in the z projections 
of their isospins, the neutron-proton wave function must be 
antisymmetric. Scattering occurs in the two isospin states T=l 
and T=O ), and so there are ten independent n-p scattering 
amp! itudes. The T=l amplitudes as measured in p-p and n-p 
scattering should be i.dentical in all but electromagnetic effects, 
if the charge independence hypothesis holds4 ·This assumption is 
indispensible for analysis of existing n-p scattering data. The 
n-p data can then b~ analyzed to give the corresponding T=O 
amp r i tudes. 
Analyzing nucleon-nucleon data (ba~ed on MA69b,SI69) 
In practice attempting to analyze the data directly in terms 
of the scattering matrix is difficult and has not been done. As an 
alte~native a general formalism is required to express in a simple 
way the dependence of the observed quantities on the 
characteristic parameters describing the interaction. This 
formalism should lead to a common meeting ground for experiments 
and theory, in which the experiments can be summarized with some 
ease and theory can be expressed quite directly. The formalism 
used so far has been the partial wave analysis. This sepafation of 
the scattering amplitude a(9) into the partial waves of different 
angular momentum is general, relativistically covariant and 
independent of any potential model. The scattering amplitudes are 
essentially unknown functi~ns of energy E and scattering angle e 
and can be expanded in terms of angular momentum states 
a(E,e) = f(E)g(9) • The g(9) are known functions that depend on 












of the system. The f{E) are unknown functions of energy and are 
expressed in the following unitary form f(E) « eio(E) where the 
o{E) are phase shifts which carry labels s,1,J. The spectroscopic 
form for the phase shifts has traditionally been o(E) : 2s+llJ(E), 
although the new notation is o = (2s+l)1J as indicated by, for 
example, Bugg (BUSS). The kind of phase shifts almost universally 
used are those designated nuclear bar. The Pauli principle places 
restrictions on the possible states of a nucleon-nucleon pair. The 
permitted states are given by l+s+T=odd. The mixing of states of 
pure L occurs because only the total angular momentum J, not L, is 
conserved when the colliding particles have spin. Because of 
unitarity, only three parameters are needed to describe the 
behaviour of each pair of states with S=l and L=J±l , two phase 
shifts 4J±l and a mixing parameter eJ. 
The phase shift decom~osition of scattering amplitudes has 
several advantages : because a few low-I phases dominate the 
scattering, the number of free {phenomenological) phases can be 
kept reasonably small; physical information can be inserted by 
using effective-range low-energy limits for S-waves; theory can be 
inserted by calculating the smal 1, high-I phases from the one-
pion-exchange Feynman diagram; and the observed energy dependence 
of the phase shifts can be used to test theoretical models. The 
big disadvantage of phase-shift formalism is that the equations 
are nonlinear. 
It is important to re~lise that phase shifts are not the aim 
and end of the study 6f the nucleon-nucleon interaction. They are 
stepping stones ~~ they provide a compact summary of the 












Formal ism relating phase shifts and observables (based on MA60) 
Experimental observables such as differential cross sections, 
analyzing powers etc. can be expressed in terms of the Wolfenstein 
parameters. Results can be found in the literature eg. 
(MA60,PH60). The requirement is therefore that the Wolfenstein 
parameters be expressed in terms of the phase shift parameters. 
The Wolfenstein parameters can be expressed in terms of the 
M-matrix elements, and may be obt~ihed by taking traces of the 
expression for M. The M-matrix elements in turn can be expressed 
in terms of the R-matrix elements via the relationship 
M(~.~') = 4TI/2ik <9 •• IRl9',•'> . R is then decomposed into partial 
waves , and is represented by a series of two-by-two unitary 
matrices whose elements are functions of the phase shifts and 
mixing parameter. In effect then, the physical observables can be 
obtained from the phase shift parameters. 
Phase shift analyses 6f the data (based on MA60) 
As shown above, once one has phase shifts it is a fairly 
. simple matter to calculate the observables. However, the reverse 
procedure is not at all trivial. Given the experimental 
quantities, there is in general no analytical procedure to obtain 
from them the phase shifts. A set of phase shifts can only be 
properly determined by making least-squares fits to the data. 
( Similarly, calculation of potentials directly from the phase 
shifts has proved to be impossible. Parameters of a nuclear-force 
model can be determined only by making least-squares fits to the 












In general, a set of phase shifts is selected, the 
corresponding observables are calculated, and the least-square sum 
for a 'fit to the data is determined and then improved by stepwise 




where E. is the experimental measurement, 
1 
Of is the value of" the observable as c~lculated from the set of 
phase shifts in question, and a. is the standard deviation . 1 
pertaining to the experimental measurement. The index is carried 
over all the piec~s of" data included in the a~alysis. x2 is to be 
minimised. The procedures used in searching for the x2 minimum are 
discussed in ref. (M072). 
It is important, when performing a phase shift analysis,to 
have an objective criterion for choosing how many phase shifts to 
include. The number of phase shifts to be included in an analysis 
depends on the energy at which the measurements were carried out 
as well as on the precision of the data. In practice, the number 
of phase shifts considered in an analysis is limited by the 
maximum number of parameters that can be obtained from the data in 
question. 
Data can also be analysed at al I energies simultaneously (see 
also M072), in which case coe'fficients describing the energy 
dependence of phase shifts are determined from the experiments. 
Two approaches ai:-e possible. The one method involves carrying out 
phase shirt analyses at each energy at which suf'ficient data 
exists and fitting smooth curves through plots of the phase shifts 












change of phase shifts with energy. The other· method assumes a 
plausible functional dependence for the phase shifts, given 
perhaps by meson theory, which has a suitable number of arbitrary 
constants. Data at all energies are then used to find the 
constants. The problem here is to select the functional form 













Adjustments to pr~viouSly published n-p data 
The values of the incident neutron beam polarization as used 
in the fol lowing publications have required adjustments as 
out l i ned be l ow. 
i) The 21.1 MeV data of Morris et al. (M074) 
Analyzing power.measurements were made using the T(d,n) 4He 
reaction with Ed = 5.35 MeV. Measurements were made at two 
reaction angles, E = 30° to give 21.1 Mev neutrons and E.= 80° to 
give 16.9 MeV neutrons. The polarization of the neutron beams as 
measured by Smith and Thornton (SM72) is as fol lows: 
for E = 21. 1 MeV ' Pinc = 0~35 ·and n 
for E = 16.9 MeV ' Pinc = -0.50 n 
These values were also mentioned by Morris et al. (M074), 
hereafter M074. However, when the asymmetry measurements for the 
21.l MeV data were converted to analyzing powers, the incident 
polarization value used clearly appears to have been 0.50 instead 
of 0.35. Assuming this to be so, the published analyzing powers 
·and the corresponding uncertainties are too small by a factor of 
0.7. 
The .fol lowing table which is based on table I of M074 gives 
their analyzing power values before and after correction : 
a Em fb quoted pl corrected pl cm 
40° 0.0166±0.0017 I. 12 0.0373±0.0038 0.0531±0.0054 
60° 0.0213±0.0012 1. 08 0.0460±0.0027 0.0657±0.0037 
80° 0.0227±0.0018 1. 04 0.0472±0.0037 0.0675±0.0053 
100° 0.0177±0.0037 1. 07 0.0380±0.0080 0.0541±0.0113 
120° 0.0086±0.0050 1. 10 0.0190±0.0110 0.0270±0.0157 













Here Em is the measured asymmetry. fb is a correction factor 
such that Ec = Emfb • and P 1 = Ec/Pinc . 
ii) The 21.6 MeV data of Jones and Brooks (J074} 
These analyzing power values have been updated to take into 
account the more recent T(d.~) 4He polarization values of Smith and 
Thornton (SM72). Correction factors which are needed are based on 
the original data sets given in the Ph.D thesis of Jones (J072). 
These sets are reproduced below: 
Set Ed ~ En Pinc used Pinc updated 
D 5.0 MeV 20° 21. 6 .MeV 0.21 0.25 
E 5.0 MeV 20° 21. 6 MeV 0.21 0.25 
F 5.0 MeV 20° 21.6 MeV 0.21 0.25 
G 5.35MeV 30° . 21. 4 MeV 0.30 0.35 
The published average analyzing power for each scattering angle 
9 comprised some or al 1 of the above sets in various cm 
combinations. The correction factor for each e was obtained by cm 
recalculating the weighted average analyzing power value using the 
updated polarization values. The ratio of the new average to the 
old gives the correction facter shown in the table below. 
9 Pnp quoted correction factor P corrected cm np . 
50° 0.060 0.84 0.050 
70° 0.063 0.84 0.053 
90° 0.056 0.80 0.045 
110° 0.038 0.82 0.031 
130° 0.024 0.81 0.019 
150° 0.018 0.80 0.014 












In a paper by Brock et al. (8R81), whe~e the necessity for the 
correction was first pointed out, the correction factor was 













Reproduction of the paper of Brooks and Jones det~iling the 
odginal anthracene scintillation polarimeter 
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A SCINTILLATION POLARIMETER FOR n-p SCATTERING STUDIES 
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Physics Department, University of Cape To1m, Romlebosc/1, C.P., South Africa 
Received 29 October 1973 
A neutron polarization analyser is described in which the direc-
tion dependence of the scintillation pulse shape discrimination 
(PSDJ properties of an anthracenc crystal provide the basis for 
observing the left-right asymmetry of recoil protons associated 
with the n-p scattering of monoenergetic neutrons within the 
crystal. The polarimeter consists of a single anthracene crystal 
mounted on a magnetically shielded photomultiplier tube which 
1. Introduction 
In a companion paper1) we described an investiga-
tion of the scintillation pulse height responses a~nd 
scintillation pulse shape discrimination (PSD) proper-
ties of some organic crystals. The direction dependence 
of these properties w.as studied for recoil protons 
from .incident neutrons with energies in the range 
1-22 MeV. In anthracene crystals in particular the 
scintillation pulse shape was found to be markedly 
direction dependent over most of this energy range. It 
was apparent that the PSD properties of anthracene, 
besides providing the familiar means for discrimi-
nating against gamma-ray backgrounds, could also 
provide a means for sensing the directions of recoil 
protons released within the crystal. An obvious appli-
cation occurred in the study of the neutron polar-
ization in n-p scattering2). A scintillation polarimeter 
was developed in which the direction dependence of 
the PSD output provided the means for determining 
the left-right asymmetry of the proton recoils from 
n-p scattering. The design and operation of this polari-
meter are described in this paper and its suitability for 
the study oft he polarization in n-p scattering is discussed. 
2. Outline of the method 
The equipment used is identical to that described in 
ref. I and consists of a single anthraccne crvstal moun-
ted on a magnetically shielded photomuitiplicr tube 
titted with a PSD circuit3). The photomultiplier pro-
vides three output pulses, namely: a fast output signal 
for time-of-llight spectroscopy.; a linear output L 
which is proportional to the total light in the scintilla-
• Present address: Physics Department. Uni\'ersity of Wisconsin. 
Madison, Wisc. 53706, U.S.A. 
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is fitted with a PSD circuit. The pulse height and PSD outputs 
from the photomultiplier are analysed in two pa•uneter mode 
and a set of observations consisting of a pair of two-parameter 
spectra leads to a measurement of the recoil proton asymmetry 
as a function of recoil angle. The polarization in n-p scattering 
is then deduced as a function of centre-of-mass scattering angle 
Dem for values of Dem in the range 50'-180°. 
tion; and a PSD output S which depends non-linearly 
on the proportion of slow component in the scintilla-
tion decay. The L and S outputs are processed by the 
same electronic system and two-parameter analyser 
as in ref. 1 to give two-parameter spectra of counts 
versus L versus S. We refer to these spectra as LS 
spectra. 
The laboratory arrangement for polarization mea-
surements is shown schematically in fig. la. A mono-
energetic neutron beam is taken at angle ( from for 
example, the T(d,n) reaction. The monoenergetic 
beam is selected by time-of-flight gating unless the 
choice of beam and target makes this unnecessary. 
The neutron and deuteron beams define a horizontal 
plane and the anthracene crystal is oriented at (':!., {J) to 
Fig. I. Schematic diagrams of experimental geometry showing 
deuteron beam c.I •. neutron heam n and tritium target T. (a) Dia-
gram showing reference face RF of anthraccne crystal A. photo-
mulliplia axis Pl\I:\. and /I= o-· axis, dctincd by marks M. 
(hJ Diagram showing centre X of crystal, mutually perpcmlicular 
crystal axes. a. h and c'. and recoil proton p. Th.: azimuthal 
axis •/• = o· is de1ined hy projecting the dcut.:ron beam onw a 
plane normal to the n.:utron beam. The c.lash.:d lin.:s illustrate 
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the neutron beam where 7. and fJ correspond to the 
angles ref erred to as 0 and <fl in ref. I. The angle a is 
the angle between the photomultiplier axis and the 
neutron beam. The angle ·p is the angle between the 
projection of the neutron beam on the reference face of 
the crystal and the azimuthal axis of the crystal. The 
reference face is that face of the crystal which is 
optically coupled to the photomultiplier cathode and 
the azimuthal axis, fJ = 0 in fig. la, is a line which is 
arbitrarily defined in this face. To simplify the present 
discussion we shall restrict ourselves to the anthracene 
crystal A of ref. l, for which the reference plane was an 
ab-plane and for which the photomultiplier axis 
therefore coincided with artificial c'-axis of the crystc-,1 1 ). 
For this crystal or for any other anthracene crystal 
therefore, the angle J. could equally well be defined as 
the angle between the neutron beam and the c' -axis of 
the crystal. 
The pulse height anisotropy properties of anthracene 
for protons are such that, for a given proton energy, L 
is a minimum for protons moving parallel to the 
b-axis of the crystal and a maximum for protons 
moving parallel to the artificial c'-axis+). The PSD 
anisotropy characteristics 1) are such that Sis maximum 
when L is minimum and vice versa. as can be seen in 
fig. 2 of ref. l. An optimum orientation for asym-
metry measurements is one in which there is maximum 
variation of S for proton recoils to left and right of the 
neutron beam direction. 
This is achieved if the a-axis of the crystal is a~igned 
vertical (so that the be' -plane is horizontal) and the 
Fig. :!. Isometric plot of an LS spectrum obt;1incd for 21.6 McV 
neutrons incijcnt on the anthr:1ccnc crystal A. The spectrum 
shows counts (vertical) vs pulse height L vs PSD output S. The 
upper limit of the count scale is 500. 
neutron beam direction is intermediate between the 
b- and c'-axis so as to make the angle 7. = 60~, as shown 
in fig. I b. We define two positions A and B (fig. I b) at 
this orientation, depending whether a proton recoil 
from the neutron beam towards the c'-axis is in the 
same sense (A) or the opposite sense (B) as the deflec-
tion from the deuteron beam to the neutron beam. 
We can change from position A to position B by chang-
ing ( to -(, as shown in ftg. lb or by rotating the 
crystal through 180° about the neutron beam or by 
rotating the crystal about the a-axis until the c' -axis 
makes an angle (2 n - J.) with the neutron beam. The 
photomultiplier is mounted in such a way that any one 
of these angles may be adjusted without affecting the 
other two. 
An LS spectrum obtained at the orientation ('l.,/3) = 
(60', 40c) and with other conditions identical to those 
used for fig. 2 of ref. I is shown in isometric projection 
in fig. 2. A contour plot of the same spectrum is shown 
in fig. 3. The structure in this spectrum is similar to 
that in the spectra shown in ref. l except that the proton 
ridge P now splits into two ridges PL and P 2 (see 
fig. 3) over most of its length. We can shmv that these 
ridges correspond to protons recoiling into the 
forward quadrants on either side of a vertic:il plane 
through the neutron :beam. The ridge PL corresponds 
to recoils into the quadrant containing the c'-axis and 
P 2 to recoils into the quadrant containing the b-axis. 











Fig. 3. Contour plot of the LS spectrum shown in fig. :!. The 
ridges in the spc:ctrum arc idc:ntificd as follows: Compwn elec-
trons, C; recoil protons Pi and P~; escaping recoil pro cons E; 
and alpha particles. A. The line QR rcprc:scnts the locus of a 
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we can determine the left-right asymmetry of the 
proton recoils within the crystal. 
The proton component of the LS spectrum includes 
recoils at laboratory angles ranging from 0° to almost 
90ry relative to the neutron beam. The pulse height L 
depends on the energy EP and on the direction of the 
recoil proton. The proton direction is specified by the 
angle of recoil 0 relative to the neutron beam and the 
azimuthal angle of recoil </J. The azimuthal axis is 
defined by projecting the deuteron beam onto a plane 
perpendicular to the neutron beam, as illustrated in 
fig. 1 b. The energy EP is related to the angle 0 and the 
incident neutron energy En by 
(I) 
From measurements') of the L and S anisotropies 
we know that the loci of constant EP and hence of 
constant recoil angle 0 approximate to straight lines 
across the LS-plane, such as the line QR in fig. 3. 
By defining a series of such lines we can therefore 
divide the proton region of the LS spectrum into 
angle bins corresponding to different recoil angles. 
In principle therefore a single LS spectrum contains 
sufficient information to determine the left-right 
asymmetry as a function of recoil angle over a wide 
range of recoil angles. 
3. Operation for a particular prot·on recoil angle 
The operation of the asymmetry analyser is best 
described by first showing how the left-right asym-
metry would be calculated if the LS spectrum contained 
only proton recoils at a particular recoil angle and then 
showing how the LS spectrum is sub-divided into a set 
of recoil angle bins for a series of such calculations. We 
therefore confine the initial discussion to a specific 
proton recoil angle 0 =·30° and to a specific neutron 
energy £ 0 = 11 MeV for which the recoil proton energy 
at 0 = 30° is£"= 8.3 MeV, from eq. (l). The direction 
dependence of S at this energy may be deduced from 
the data given in fig. 5 of ref. I for the nearby neutron 
energy of 8 MeV. These data are referred to the crystal 
coordinate frame defined in ref. I, so we must transform 
them w the present laboratory frame in which the 
crysul is oriented at (o:, {I)= (60", 40°). The transformed 
data for position A of this orientation in the laboratory 
frame arc shown in fig. 4. i:he laboratory recoil direc-
tions corresponding to minimum and maximum PSD 
output. S111 ; 11 and Smax are (0. cf>) = (60'', 0°) and (30'', 
180'') respectively. From fig. 4 we can read the variation 
of S(O. </>) witl1 cf> for the recoil angle V = 30" and we 
obtain a curve of the form shown in fig. Sa. in which · 
s ranges between the values s _ (at <P = o~) and s + (at 
4> = 180°). We define the fractional dispersion F(O) 
of S with <P for recoil angle 0 by 
F(O) = (S+ -S_)/(Smax-Smin). (2) 
Thus from the data shown .in fig. 4, F(O) = 0.9 at 
(} = 30°. These data also indicate that for any value of 
0 within the range 0:;570° the PSD outputs at <P = 90° 
and 270° are very nearly equal. Assuming that in the 




Fig. 4. Contours of equal PSD output S for 8 MeV protons as a 
function of proton direction (0.rh). The plot is for the crystal 
orientation (-x.{i) = (60 '. 40') and was obtained by transforming 
the data shown in fig. 5 of ref. I to this orientation. The latter 
figure is equivalent to a contour plot of S<O.rh) for the crystal 





Fig. 5. PSD responses and spectra (schemati..:) for 8 MeV prnton 
recoils at 0 = 30 ·: (a) J>SD output S vs recoil azimuth ~~; (h) 
ld<bidSI vs 1~; k) d1r/d1/> vs'~ from eq. (3); (ll) projected and 
resolution-hroadcncd spectra dN/dS vs S for r ~ 0 (solid .:urvc) 












80 F.n. BROOKS ANO n.T.L. JO:-.IES 
same and equal to Sm(O) for recoils at angle 0, we note 
further that S <Sm (0) for </> in the range O" ± 90" and 
S>Sm(O) for</> in the range 180"±90?. Thus the PSD 
output S indicates whether the associated proton recoil 
direction is to the "left" or the "right" of the neutron 
beam. For equal numbers of left and right recoils 
Sm (0) should correspond to the median of the number 
distribution with respect to S. 
The left-right asymmetry e(O) of proton recoils from 
n-p scattering may therefore be deduced from the 
amplitude distribution of the S output as follows. 
The partial differential cross section (da/d</J )
6
q, for 
elastic proton recoil in direction (0, </>)in the laboratory 
frame is given by 
(da/d</> )8q, = [ a(O)i2 rr] [l + P 0 P(8) cos</> J 
= [a(0)/2rr] [l +e(O) cos</>], (3) 
where a(O) is the total differential cross section for 
elastic recoil at angle 0, P0 denotes the polarization of 
the incident neutron beam, and P(O) denotes the ana-
lysing power for proton recoils at angle 0 in n-p 
scattering. 
The number of proton recoils per unit S at angle 0 
and leading to a PSD output Smay now be written 
(d,Y/dS)05 = k I (da/dtf>)e.p jd¢/dSj0<1,, (4) 
<P 
where k depends on the incident neutron intensity 
and the crystal thickness and the sum is taken over all 
values of¢ which correspond to the value S (see fig. 5a). 
The modulus ld¢/dSleq, is derived as a function of </> 
from fig. 5a and has the form shown in fig. 5b while 
(da/d</>)eq, is given by eq. (3) and has one of the three 
forms shown in fig. 5c, depending whether e({l) is 
zer,). positive or negative. 
The S amplitude distribution for a constant recoil 
angle 0 is thus obtained by taking the product. as in 
eq. (4), of the functions shown in figs. 5b and 5c and 
conrnluting with the resolution function of the PSD 
output measurement. Figs. 5d and 5e illustrate sche-
matically the types of distribution that will result for 
either zero, positive or negative values of i:(O). 
Projecting the LS spectrum associated with proton 
reCl)ils at a particular angle 0. e.g. 0 = 30", onto the S 
axis therefore leads to a distribution of the fl)rm 
shown in fig. 5d or 5e. The peaks P1 and P2 in this 
distribution correspond to the ridges P 1 and P 2 in the 
LS spectrum. If the proton asymmetry e(O) increases 
the peak P 1 increases in height and the peak P2 
decreases. The opposite happens if i:({l) decreases. 
In changing from position A to pl)Sition B (fig. lb) 
we either change C to - (, or we change 'J. to (2 rr -a) 
or we rotate the crystal through 180'' about the neutron 
beam. The first method reverses the sign of the incident 
polarization P0 and hence also that of e(O). The 
second and third methods produce an equivalent 
effect since they shift the phase of figs. 5a and 5b by 
180° relative to that of fig. 5c. The effect on the 
projected S spectrum is therefore the same whatever 
the method used to change from position A to position 
B. If the S spectrum for position A resembles the solid 
curve in fig. 5d then that for position B will resemble 
the solid curve in fig. 5e and vice-versa. 
In principle the asymnietry e(O) can be determined 
by comparing the integrals under the peaks P 1 and P 2 
observed in either position A or position B. For 
position A the integral under the lower part (S <Sm (0)] 
corresponds to recoils with ¢ in the range o~ ± 90°. 
Thus the integral N < under this part is given by 
N< = [ka(0)/2rr] J::,," [l+e(O) cos¢] d</> 
= [ka(0)/2rr] [rr + 2e(O)]. (5) 
Similarly the integral N > under the upper part of the 
A spectrum corresponding to recoils with¢ in the range 
180"± 90'. is given by 
N > = (ka\0)/2rr][;r-2e(O)]. (6) 
The asymmetry e(O) is therefore obtained from eqs. 
(5) and (6): 
e(O) = trr(N<-N»J(N<+N>) 
= trrAN_.../N,.., (7) 
where ,1 N_.. therefore represents the difference between 
the integrals under the lower and upper pans of the 
spectrum obtained at position A and N_.. represents the 
integral of the full spectrum. 
The corresponding result obtained using the position 
B spectrum instead of the position A spectrum is 
(8) 
where ,1N0 and N 11 arc defined in the same way as 
tJN ... and N_... The minus sign arises in this case because 
the lower and upper regions of the spectrum com"!spond 
to recoils with cf> in the ranges 180''±90'' and 0"±90'; 
respectively. which is the reverse of the situation 
applying for the position A spectrum. 
Asymmetries determined directly from either cq. (7) 
or eq. (8) will clearly depend sensitively on thi: value 
of S,"(O) used, through the effi:ct this has on the 
difference ,1/V., or ,1N 11 • However, for small errors in 
S
111
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the mean recoil anglt; 0 corresponding to the pulse 
height L. The angle 0 is determined by using the 
known 4 ) relative pulse height versus energy response 
of anthracene to protons to determine the mean recoil 
proton energy EP corresponding to L and using eq. (I) 
to determine 0 from EP. · 
The redispersion process is schematically illustrated 
in fig. 6. Figs. 6a and 6b illustrate the transformation 
of a single row .of the LS spectrum. The transforma-
tion may be pictured if we imagine firstly, the distri-
bution shown in fig. 6a shifted along the Saxis until its 
centre corresponds to S = 2n in fig. 6b and secondly, 
the S scale of fig. 6b multiplied by a factor (S+-S_)/ 
[2n F(O)]. The forms of the two distributions will then 
be identical and the distributions will only differ in 
their count scales and in the number of points or histo-
gram steps along their S axes, as illustrated for a small 
portion of the two distributions in figs. 6c and 6d. The 
number of counts Nj in channel j of the redispersed 
distribution is given by 
4n 
Nj = L J;Ni, (10) 
i=I 
where Ni represents the number of counts in channel i 
of the original distribution and J; is the fraction of this 
channel which is overlapped by channel j of the redis-
persed distribution, as illustrated in figs. 6c and 6d. 
Since the interval (S+ -S_) in the original distribu-
tion corresponds to an interval 2nF(O) in the redispers-
ed distribution we see from eq. (2) that the interval 
(Smax-Sm;n) in the former will correspond to an 
interval 211 in the latter. From the data of fig. 4 we can 
also show that the values S = n and 311 in the redispers-
ed distribution will correspond to the limits smin and 
Sm,. in the original distribution. In the redispersed LS 
spectrum, therefore, we assume that the S values n and 
311 correspond to Smin and Smax for every row or L 
value as illustrated in fig. 6e. The limits S _ and S + 
which vary with Lare illustrated by the lines S_ and 
S + in fig. 6e. These limits vary smoothly from row to 
row, but always lie symmetrically about S = 211 and 
Within the region S = n to 311. 
The proton region is now subdivided into angle bins 
by defining boundaries as illustrated by the lines 
V01 H'm in fig. 6e. Each such line corresponds to a 
specific recoil angle and hence to a specific proton 
energy EP, given by eq. (I). The pulse height aniso-
tropy 1) at proton energy EP is a measure of the amount 
that L varies as S varies from Smin to Sniax· The angle 
boundaries are therefore defined with reference to the 
ordinates S = n and S = 311 as follows. From a cali-
bration run such as fig. 2a of ref. 1, for which the crystal 
c'-axis was aligned with the neutron beam, we deter-
mine the maximum pulse height that could be observed 
for a proton energy EP =En and mark this point V0 
on the ordinate S = n as shown in fig. 6e. From a 
similar calibration run such as fig. 2b of ref. l, for 
which the crystal b-axis was aligned with the neutron 
beam, or from the pulse height anisotropy data for 
anthracene 1) we obtain the minimum pulse height 
that could be observed at this proton energy and mark 
this pulse height W0 on the ordinate S = 3n as shown 
in fig. 6e. These points define the bin boundary line 
V0 W0 corresponding to the bin limit 0 = o~. The 
boundaries V 1 W 1, V2 W2 etc. corresponding to suc-
cessively increasing boundary recoil angles 0 are 
determined by calculating the recoil proton energy 
from eq. (1), using the relative pulse height versus 
energy data 4) for anthracene to determine Vu V2 etc. 
and using the pulse height anisotropy data shown in 
fig. 6 of ref. 1 to determine W1 from VL, W 2 from V2 
and so on. 
The first angle bin is thus defined by the lines V0 W0 
and V 1 W 1 in fig. 6e, the second by the lines V1 W1 and 
V2 W2 and so on. The boundary lines are extrapolated 
across the LS plane as shown in fig. 6c and the counts 
between each pair of boundaries are projected onto 
the S axis to give the projected spectrum (A or B) for 
the corresponding angle bin. The counts in those 
channels which are cut by the boundary lines are 
distributed proportionally between the bins on either 
side of the boundary. The asymmetry s(O) is determined 
by comparing the projected A and B spectra as out-
lined in section 3. The median limit Sm (0) is specified as 
outlined in that section. The other limits used in cal-
culating the integrals NA and N8 and the differences 
LIN A and LIN 8 are specified far away from the proton 
ridges provided these ridges are well resolved from 
other significant structure in the projected s·pectrum. 
If significant other structure lies close by the ridge, for 
example that due to alpha particles or escape protons at 
the low L values (figs. 2 and 3), then limits lying be-
tween this structure and the proton ridges are used. 
The analysing power P(O) for proton recoils at recoil 
angle 0 is equal to s(O)/ P 0 • Thus, with negligible error 
we obtain the polarization in n-p scattering P 0 p(Ocm) 
at the associated centre-of-mass neutron scattering 
angle ocm = rr:-20 from 
Pnp(Ocm)= -P(O)= -s(O)/Po. (II) 
The calculation of n-p polarization values from 
pairs (A and B) of LS spectra is accomplished with 
the aid of a Fortran IV programme POLYANA. The LS 
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either on magnetic tape or punched cards. These arc 
read in together with other data required for the cal-
culation and the. complete data reduction is carried 
out leading directly to a table and plot of Pnp(Ocm), 
with errors, as a function of Ocm· The time required for 
calculation is typically l s of c.p.u. time per angle bin 
on a Univac-I W6 computer. 
An. example of a measurement of Pnp(Ocm) for 
21.6 MeV incident neutrons is shown in fig. 7a. The 
data shown in this figure are discussed in another 
publication 5). 
5. Limitations and uncertainties 
Although LS spectra (figs. 2 and 3) may be obtained 
which include proton recoils at angles extending over 
most of the kinematically allowed recoil angle range, 
8<90°, only the data at laboratory recoil angles less 
than about 70° are suitable for analysis. Recoils at 
larger angles lead to events in the lower pulse height 
region of the spectrum and cannot be resolved from 
other components in this region, notably the protons 
· and alpha particles from neutron-induced reactions 
on carbon. Furthermore, the fractional dispersion 
F(O) given by eq. (2) drops off at 8 > 70°, as can be 
appreciated from fig. 4, and the resolution of the left-
right asymmetry determination is consequently im-






Fig. 7. Polarization Pnp and asymmetry t:vs neutron cm scattering 
angle O,.m for incident neutrons of energy 21.6 McV: (a) polari-
zation measurements; and .(b) null asymmetries determined 
either by using an unpolarized incident neutron beam (solid 
cin:ks) or from analysis of a pair of A spectra (open circles). 
The error bars in (a) were calculated from eq. (13). The error 
bars in (b) arc statistical only and were calculaic<l from cq. (I:?). 
come by using a different crystal orientation e.g. 
(a, /J) = (45?, 40°) instead of (60.,, 40.,), but then F(O) 
would be smaller at small recoil angles (0 ~ 40"') and 
the sensitivity for asymmetry measurements at these 
angles would be reduced. 
Multiple neutron scattering in the anthracene crystal 
could lead to errors in the polarization measurement, 
especially if the primary scattering was on carbon, for 
which the energy loss is small and the analysing power 
can be high. This problem could be serious with larger 
. crystals, but it appears to be unimportant at the 
neutron energies (En> 10 MeV) and for the small 
crystals used to date. The linear dimensions of these 
crystals are about 2 cm or less and therefore correspond 
to less than one-tenth of the incident neutron mean 
free path at these energies. 
On the other hand, for small crystals and for neutrons 
of energy greater than IO MeV, the fraction of recoil 
protons escaping from the crystal is appreciable. 
However, problems that could arise from this effect 
are largely avoided by the fact that the escaped protons 
form a separate ridge in the LS spectrum (E in fig. 3) 
and can therefore be excluded to a large extent by 
proper choice of the integration limits for the asym-
metry calculations. The effect of any residual escape 
component is to dilute the observed asymmetry with-
out introducing spurious. asymmetries. This dilution 
can be estimated and corrected for by using the data 
obtained in calibration runs, such as that shown in 
fig. 2a of ref. l, in which the escape ridge is clearly 
resolved from the main proton structure. 
The fact that virtually every recoil proton is detected 
has an important consequence when we estimate the 
statistical uncertainty on an asymmetry measurement 
within a particular angle bin. The experimental 
method assigns eDery recoil within a given bin as either 
"low", if S<Sm(O), or "high" if S>Sm(O), where 0 
is the mean recoil angle for the bin. Each recoil either 
adds one count to, or subtracts one count from, the 
difference Ll N between the number of low-S and 
high-S recoils in the bin 0. Therefore, since the differ-
ence AN is in principle determined directly, LIN ... and 
LIN 8 may be regarded as primary observations in the 
experiment and we can in consequence show that the 
statistical error Lle(O) may be estimated from 
Lle(O) = (rr/4N)[ILIN Al + ILIN8 1 + N- 1 (LIN~+ LIN ii)]~. 
( 12) 
From eqs. (9) and ( 12) it can be seen that for a given 
N and a given e(O) the statistical error Lli:(O) will be a 
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as the median value of the summed A and B spectra in 
fact ensures this equdity and thereby helps to minimize 
the statistical error. 
The systematic errors to which the polarization 
measurements are also subject include firstly those 
caused by imprecise knowledge of the incident neutron 
polarization P 0 and secondly those which may arise 
from experimental asymmetries or errors which pass 
undetected and therefore uncorrected in the measure-
ment. Making allowance for these we can express the 
error Pnp(Ocn,) on the neutron polarization measure-_ 
ment by 
LJP np(Ocm) = IP~ 1 I {[ L1t:(8)] 2 + 
+ (L1t:sys)2 + (Pnp(Ocm) LIPo] 2}t, (13) 
where Llrsys represents the undetected false asymmetry 
and LI P0 the uncertainty on the polarization of the 
incident neutron beam. 
We may estimate an upper limit for the systematic 
error LI t:sys by measuring a known null asymmetry . 
under conditions simulating those of the actual 
asymmetry measurement. One way of carrying out a 
null test is to measure recoil proton asymmetries in the 
scattering of an unpolarized incident neutron beam, 
such as that obtained at the angle ' = 0° from the 
T (d. n) reaction. The results of such a test are shown in 
fig. 7b. Alternatively a null asymmetry should be 
obtained iflike runs are paired (i.e. A and A, or B and 
B. instead of A and B) and this can be checked using 
runs obtained at different angle settings. For example 
suppose that we have a set of four runs consisting of 
two A runs at(~. :x) and(-(, 2n-:x) respectively and 
t,,-o Bruns at (-(,o:) and ((,2rr-:x) respectively. 
From this set we can obtain two independent null 
checks, based on the A pair and B pair respectively, as 
well as two independent asymmetry measurements 
based on AB pairings. The results of a null check of 
this type are shown in fig. 7b. The error bars shown in 
fig. 7b represent the statistical errors only. Both null 
checks are seen to give asymmetries which are consis-
tent with zero. From such checks an upper limit of 
LI i::•Y• = 0.0011 was deduced and was then used in 
eq. ( 13) to calculate the total polarization errois shown 
in fig. 7a. 
6. Discussion 
A comparison of the statistical precisions of polar-
ization values obtained by the present method with 
those obtaineJ in experiments baseJ on conventional 
couble-scattering geometry is of interest. The two 
methods are similar up to the point that a polarized 
incident neutron beam is sampled by n-p scattering in 
an hydrogenous scatterer. In the present method the. 
recoil proton associated with each scattering is observed 
and analysed as to recoil angle and direction (left or 
right) without further statistical sampling. In the 
double scattering method, however, further statistical 
sampling occurs in the detection of scattered neutrons 
by two identical detectors which are disposed at equal 
angles 0 on either side of the incident neutron beam. 
The primary obs'!rvations in the double scattering 
geometry are therefore the counts N 1 and N 2 recorded 
by these detectors for a given number of scatterings in 
the scatterer. The asymmetry is given by 
t:(O)=(N1 -N2)/(N1 +N2 ), (14) 
and the standard deviation Llt:(f:I) is estimated from 
(15) .. 
A comparison of eqs. (12) and (15) for small asym-
metries, lt:I <0.1, and for the same total number of 
neutrons detected, namely NL+ N 2 = NA+ Na = I 0
4
, 
is shown in fig. 8. Curve (a) shows the standard devia-
tion given by eq. (12) and curve (b) shows the standard 
deviation given by eq. (15). The comparison in fig. 8 
shows that even for asymmetries as large as I 0 % the 
statistical er~ ors obtained using the present method 
should be lower by at least a factor of two than those 
obtained using the double scattering method. For very 
small asymmetries in particular the statistical precision 
of the present method exceeds that of the double 
scattering method by a much larger factor. more than 
an order of magnitude for exam pie for t: < 0.0 I. 








IEI 0.06 0·10 
Fig. 8. The statistical error Ae on the asymmetry E us a function 
of If"! for a total of 104 neutrons detected: (a) by the present 
method [from eq. ( 12!]; and (b) if the scattered neutrons arc 
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measurement of small asymmetries and should offer 
advantages in studies of the small polarizations in n-p 
scattering at neutron energies less than 30 MeV. 
It is a single-scattering method and is therefore less 
demanding of neutron beam intensity than double-
scattering experiments. Background levels should, in 
consequence, also be lower than in the double scatter-
ing method. The ability to make simultaneous polar-
ization measurements .over a range of neutron scat-
tering angles (O.,m ~ 50°-170°) is also an advantage. A 
limitation on the other hand is the resolution on the 
centre-of-mass scattering angle, which is about 10° for 
16 Me V neutrons and is expected to be larger (i.e. 
worse) at lower energies. This resolution is tolerable 
in the case of n-p scattering, however, because the 
polarization Pnp is expected to be a slowly varying 
function of ocm· 
The method also has advantages of experimental 
simplicity. In particular the electronic system required 
(fig. 1 b of ref. 1) is simple and the capacity to tolerate 
small mechanical misalignments. the effects of which 
are eliminated in the redispersion stage of the data. 
reduction. is also an advantage. The data reduction 
process itself, although complex in principle. is simple 
... and straightforward in practice. 
The anthracene polarimeter has been used to date 
\\ ith two different crystals, A and B of ref. I. to study 
the polarizations in n-p scattering at 16 and 22 MeV. 
The results will be published elsewhere5). Further 
studies arc now being made at other neutron energies 
in the range 8-30 MeV. :~appears that the method will 
become less effective at neutron energies lower than 
8 McV because the directional re~olution of anthra-
cene as indicated by the parameter R in table 3 of 
ref. I, drops off with recoil proton energy. On the other 
hand the polarimeter should be suitable for work at 
higher neutron energies than 30 MeV and may well 
prove more effective at these energies than at lower 
energies, provided crystals large enough to avoid 
excessive proton escape are used. 
We thank Mr P.A. Back for construction of much 
of the equipment used, the staff of the Southern Uni-
versities Nuclear Institute for their cooperation and 
our colleague Mr G. Pauletta for his assistance in 
these experiments. We also thank the South African 
Council for Scientific and Industrial Research for 
financial support and for a bursary to one of us 
(D.T.L.J.). 
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Pulse-height matching using the two photomultiplier system. 
PMTUBE2 
MEASURES 
PULSE HEIGHT h2 
<f>L 
\ I • a-axis 
CRYSTAL cp R 
PMTUBE 1 
MEASURES 
PULSE HEIGHT h1 
Assume that this i~ the crystal orientation which measures the A 
spectrum. The .inverted crystal orientation (with the arrow 
pointing down) then measures the B spectrum. 
~L and · ~R are the photon efficiencies with respect to each of 
the crystal faces, fie. ff a scintillation produces N photons, 
then ~RN photons win reach the P.M.l cathode face and ~LN photons 
w i 1 .1 reach the P.M.2 cathode face. 
Hence h A = kl ~R N and h2 
A = k2 ~L N 1 . 
Similarly hl 
B 
kl ~L N and hz B = k2 ~R N = . 
These signals are summed so as to produce the required usable 
pulse heights, i • e. 
hA h A + h2 


















The A and B orientation pulse heights are matched by adjusting the 





(by using the spectra from gamma ray. sources, for example). 
Then kl <f>R N = k2 <t>R N 
i. e kl = k2 = k say , 
so that hA = k( <t>R + <t> L )N = hB . 
If not correctly set up, say k
1 
= k2 + -~k • 
Then hA - hB = {kl( <t>R - <t>L) + kz( <t>L - <t>R) }N 
= (kl - k2 )( <t>R - <t>L )N 
= ~k <t>R - <t>L ) N 
Hence 6h/h = (-hA - hB )/hA _ { 6k( <t>R - <f>L )}/{k{ <t>R + <f>L )} • 
·so, the fractional error in the pulse height his smaller than the 
fractional ertor In k by a factor ( <f>R - <f>L )/( <f>R + <t>L ) • 
Alternatively, say kl = gk2 and <t>R = f<t>L . 
Then hA - hs = kz g - 1 )( <t>R - <PL )N 
= k2 g - . l ) <f>L 'f l )N 
Therefore hA - hs )/hA = { ( g - ) ( r - > J I < gr + 1 
i • e hB = hA { 1 - [ ( g - i > < r - > I < g'f + 1 ) ] } 
Example Say f = <f>R/<t>L = 0.95 Then ror various values or g, 
the corresponding values rot the pulse height ratios h8 /hA are 
obtained: 
g 0.8 0.9 1. 0 1. l 1. 2 
h9/hA 0.9943 0.9973 l . 0 l. 0024 l. 0047 
Again it can be seen that matching the photomultiplier outputs is 













Non-critical lty or the median determl nation usl ng .spectra which 
coincide. 
Suppose the A and 8 spectra coincide, and have also been 
normalised •. Assume the median used does not correspond to the 
true median, as shown in the diagram below. 
A SPECTRUM 
8 SPECTRUM 
L,R,x and y are the integrated counts in the sections shown. The 
calculated asymmetries 'for the A and B spectra are thus 
eA = { (L + x) - CR - x) }/total and 
£8 = { (L - y) - «R + y) }/total respectively. 
Hence ecalc = ( -e;A + £9 )/2 
= (L-R+2x+L-R-2y)/2(total) 
= (2L-2R+2x~2y)/2(total) 
- (L-R)/total + Cx-y)(total 
- e;true + Cx-y)/total 
Since x ~- y (because these counts are In the region where 













False asymmetry caused by one spectrum being shifted relative to 
the other. 
The two crystal orientations which are used when making asymmetry 
measurements give rise to an A and 8 spectra pair. 
For the sake of simplicity it is 
assumed that the B spectrum is 
normalised to A, and that the 
asymmetry· is exactly the same 
for each spectrum. 
If the 8 spectrum is shifted 
with respect to A, the calculated 
median mcalc (calculated from the 
sum spectrum A+B) does not coincide 
with the true median mtrue· 
The t~ue asymmetry is ET = {L - R)/total • 
A SPECTRUM 
8 SPECTRUM 
Usin~ mcalc' the A spectrum gives scale= {L + x -{R-x)}/total 
as does the 8 spectrum. 
Hence ~calc = ET + ( 2x/tota1 ) ' and since the 
quantity x contains the non-planar events, Ecalc can be 
significantly different from the true asymmetry unless it is 














Application of the Basel convention to obtain the correct sign of 
the polarization. 
When neutrons are scattered from a target as indicated in the · 
diagram, the lef't-right asymmetry as de'fined by the Basel 
convention is given by & = (R - L)/(R + L) 
/ 












Hence, in terms or the proton recoils, the asymmetry is given by 
no. protons to left - no. protons to right 
& = 
total counts 
When the orientation of the anthracene crystal was as indicated, 
the events were stored in matrix A. Here the protons scattered 
to the left are closer to the c'-axis (low S) and hence to be 
consistent with the Basel convention, the asymmetry is given by 














When the crystal orientation was inverted as shown below, the 
events were stored in matrix 8. Here the protons scattered.to the 
lert are closer to the b-axis (high 5) and hence 

















~ Edge normalisation factor 
Assume the total counts in each of an A and B spectrum is N. 
















Now select corresponding channel numbers within the windows. 
A spectrum: left channel count value= Flp {i.e. a fraction of Lp) 
right channel count value = gRP (to account for a 
possible window width diFfetence) 
B spectrum: left channel count value = fR~ 
right channel count value = .glp 
An edge normalisation factor K is determined for the lef't edge of 
the B spectrum such that 
K.f'Rp = flp i.e. K = Lp/Rp (ie. the ratio of the left 
and right planar counts.) 
Then, using l/K as the normalisation 'factor for the right edge 
gives 












It also follows that 
&planar= (Lp-Rp)/(Lp+Rp) = (KRp-Rp)/(KRp+Rp) = CK-1)/(K+l). 
Hence the determination of K should give an indication of what 
asymmetry value can be expected. 
The ef f'ect of the escape peak 
Assume an escape peak sits under the spectrum as shown 
Theri, 
A spectrum: lef't channel count value = fLp + hE 
right channel count value = gRP 
B spectrum: left channel count value = fRP + hE 
right channel count value = glp 
If K is determined as before, 
ie. K = 
flp + hE 
K(fRP + hE) = fLp + hE 
fRp + hE 




unless E = 0 • 
This shows that if the escape contribution is not properly 
accounted for, assuming l/K as the factor for the right edge leads 
to an incorrect K value being determined. This in turn results in 













Asymmetry uncertainty estimate 
To assess the statistical uncertainty of the asymmetry 
extracted from a sfngle spectrum, it is necessary to use a formula 
based on the number of events acquired. 
described below: 
The derivation is 
Each scattering event has only two possible outcomes, a proton 
scatter to the left or right of the in~ident beam direction. 
Each event is a Bernoul 1 i trial in which each scatter to the 
right, say, can be defined as a success. From statistical theory, 
. if X is the total number of successes in n repeated independent 
Bernoulli trials with probability p of success on a given trial, 
then Xis called the· binomial random variable. 
Here p = R I ( L + R ) and q = 1 - p = L I ( l + R ) 
For the binomial random variable, the mean µ and variance o 2 are 
as follows: 
µ = np ~ CL+ R).R I (L + R) = R 
and o 2 = npq = (L + R).R/(L + R).L/(L + R) = Rl I CL+ R) • 
Therefore o = [ RL/(L + R) 1112 is the standard deviation at the 
























= 1/N {L - (N - L)} = 
2 Ill I N. 
·2CLR)l/Z 
CL + R> 312 
where Ill 
.e = (L - R) I N where 
l/N (2L - N) 
= { LR/N )1/2 
N=L+R 
















Results of the run using the polarimeter as an analyzer. 
The crystal scintillation polarimeter can also be used in 
reverse as an analyzer to determine the polarization of a neutron 
beam. In this application n-p phase-shifts can be used to 
calculate the n-p polarization values at the beam energy being 
used. The polarization of the neutron beam is then given by 
P=e/Pnp ; where e is the measured asymmetry. To demonstrate the 
analyzer in operation, a run·was carried out under slightly 
different conditions to that of the n-p polarization experiments. 
The T(d,n) 4 He reaction was again used and a deuteron energy of 5.6 
MeV was selected. The target was anthracene 2. Again nul 1 ( (=0° 
and Ed=5.0 MeV, giving 22.0 MeV neutrons) and polarization (for 
Ed=5.6 MeV, a reaction angle of (=25° was chosen, giving 22.0 MeV 
neutrons) data were collected. The results of the asymmetry 
measurements are given in table A6.l. The asymmetry values used in 
the following calculation are those to which a shift correction 
was applied. 
Since P. inc = e(9)/Pnp{0) , the best least squares estimate 




• ) where 
1 nc 1 nc 1 1 1 1 1 
e . represents each ecorr<0 > value • 1 
P. represents each Pnp(9) value, and 1 
2 
uncertainty in w. oc 1 I ( Ae i ) A.e. corresponds to the e . 
1 1 1 • 
The Pnp(0) values used were given by the Paris potential 
predictions for n-p polarization at En=22.0 MeV. The values of Pi' 
e. and w. are given in table A6.2. 
1 I 
~ 
The calculation gives Pinc= 0.110 ± 0.015 • A test of the 











1 0 1 










I 15 ° 
130° 
f.nu l l 
f.pol 
f. corr 
















no shift correction 
0.0134 ± 0. 00 1 1 
0.0142 ± 0.0010 
0.0008 ± 0.0010 
0.0117 ± 0.0013 
0.0165 ± 0.0012 
0.0048 ± 0.0012 
0.0099 ± 0.0014 
0.0131 ± 0.0012 
0.0032 ± 0.0012 
0.0098 ± 0.0012 
0.0095 ± 0.0010 
-0.0003 ± 0.0010 
Values used in determining 
neutrons from T(d,n) 4 He at 





with shift correction 
0.0002 ± 0 ~ 00 1 1 
0.0051· ± 0.0010 
0.0051 ± 0.0010 
0.0121 ± 0.0013 
0.0161 ± 0.0012 
0.0040 ± 0.0012 
0.0131 ± 0.0014 
0.0165 ± 0.0012 
0.0034 ± 0.0012 
0.0071 ± 0.0012 
0.0110 ± 0.0010 
0.0039 ± 0.0010 
the polarization or the 
Ed=5.6 MeV and t:=25°. 
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